University of Central Florida

STARS
Electronic Theses and Dissertations, 20202021

The Effect of Polyelectrolyte Modification of Ultrafiltration
Membranes on Fouling Resistance and Rejection of
Contaminants of Emerging Concern
Kunal Olimattel
University of Central Florida

Part of the Environmental Engineering Commons

Find similar works at: https://stars.library.ucf.edu/etd2020
University of Central Florida Libraries http://library.ucf.edu
This Doctoral Dissertation (Open Access) is brought to you for free and open access by STARS. It has been accepted
for inclusion in Electronic Theses and Dissertations, 2020- by an authorized administrator of STARS. For more
information, please contact STARS@ucf.edu.

STARS Citation
Olimattel, Kunal, "The Effect of Polyelectrolyte Modification of Ultrafiltration Membranes on Fouling
Resistance and Rejection of Contaminants of Emerging Concern" (2021). Electronic Theses and
Dissertations, 2020-. 1149.
https://stars.library.ucf.edu/etd2020/1149

THE EFFECT OF POLYELECTROLYTE MODIFICATION OF
ULTRAFILTRATION MEMBRANES ON FOULING RESISTANCE AND
REMOVAL OF CONTAMINANTS OF EMERGING CONCERN

by

KUNAL M. OLIMATTEL
B.E. Civil. Eng., Sir. M.V.I.T., 2010
M.Tech. Env.Eng., Manipal University, 2014

A dissertation submitted in partial fulfillment of the requirements
for the degree of Doctor of Philosophy
in the Department of Civil, Environmental, and Construction Engineering
in the College of Engineering and Computer Science
at the University of Central Florida
Orlando, Florida

Summer Term
2021

Major Professor: A H M Anwar Sadmani

© 2021 Kunal Mathew Olimattel

ii

ABSTRACT
This research attempted to leverage the unique properties of poly (allylamine
hydrochloride) (PAH)/poly (acrylic acid) (PAA) bilayer coatings to enhance antifouling and
antimicrobial properties of a commercially available ultrafiltration (UF) membrane as well as the
removal of PFOA and PFOS—the two CECs that most frequently represent the class of PFAS.
The effects of selected water matrix components (humic acids [HA] and cations) on PFOA and
PFOS removals were also investigated when using the functionalized membrane. PAH/PAA films
were first deposited on the membrane using a fluidic layer by layer (LbL) technique and then
crosslinked, followed by embedding of the silver phosphate nanoparticles (AgPNPs) within the
PE coatings.
Microprofile measurements using a solid contact Ag micro-(ion-selective electrode) ISE
as well as post-filtration an inductively coupled plasma (ICP) analysis demonstrated that AgPNP
were effectively immobilized within the crosslinked PAH/PAA bilayers. The PAH/PAA
functionalization imparted enhancements in membrane properties including surface charge and
hydrophilicity and rendered a smoother membrane surface. Upon stable and uniform deposition of
PAH/PAA “bilayer” (BL) coatings, the permeate flux was governed by both PAH/PAA-derived
hydrophilicity and surface/pore coverage. Membrane porosity and MWCO were reduced by
approximately 9% and 38%, respectively. It was observed that an optimum number of bilayers
must be applied to ensure that the resulting permeability is not offset by the hindrance from the
deposition of bilayers. Furthermore, membrane functionalization rendered antimicrobial property
as indicated by less attachment of bacteria that would have initiated the formation of biofilms
leading to biofouling.
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When compared to the unmodified membrane, PFOA and PFOS removals while using the
modified UF membrane increased from 20 to 50% and from 22 to 52%, respectively. The
approximately 30% higher removal of both PFOA and PFOS may be attributed to the size
exclusion mechanism. While the presence of only HA did not influence the removal of PFOA and
PFOS significantly, the coexistence of HA and cations in water resulted in significant increase in
the rejection of both the PFASs. This can be attributed to the enhanced size exclusion of the
complexes that PFOS and PFOA may form with HA and cations in the source water.
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CHAPTER ONE: INTRODUCTION
Diminishing freshwater resources and increased water consumption have forced
communities and industries, in many countries around the world, to search for alternative sources
to meet their water needs. In some cases, these sources are located downstream of wastewater
treatment plant effluent discharges, and in situations of greater scarcity, reclamation of treated
wastewater might be required. Emerging pollutants have been detected in low concentrations in
many source waters and reported to be possibly mutagenic to many aquatic species (Pal et al.
2010, Thomaidis et al. 2012, Koch 2015, Noguera-Oviedo and Aga 2016, WWAP 2017).
Perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS) are the two most
widely investigated per- and polyfluoroalkyl substances (PFAS). These contaminants of
emerging concern (CEC) have been used to manufacture many stains, grease, and water-resistant
consumer products. The strong carbon-fluorine bonds make them resistant to environmental
degradation and difficult to be removed using conventional water treatment methods.
Furthermore, their interactions with the source water matrix components influence the removal
of PFAS via various physico-chemical processes (Gavrilescu et al. 2015). In February 2020, the
United States Environmental Protection Agency (USEPA) announced that it is proposing to
regulate both PFOA and PFOS under the Safe Drinking Water Act (USEPA 2020).
Membrane processes are of great interest because of higher quality of treated water,
smaller footprint, and ability to integrate with other treatment systems (Pendergast and Hoek
2011, Taheran et al. 2016). Several studies have focused on the mechanisms for the removal of
contaminants of emerging concern (CEC) by membrane processes. Size exclusion (steric
hindrance), electrostatic repulsion, and hydrophobic interactions between membrane and solute
have been reported as the major mechanisms of removal and transport. This implies that
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physicochemical properties of the membrane (e.g., molecular weight cutoff (MWCO), surface
charge, and hydrophobicity), solute (e.g., molecular size, geometry, charge, and
hydrophobicity), characteristics of feedwater (e.g., pH, ionic strength, and presence of other
organics/inorganics), as well as hydrodynamic conditions (e.g., transmembrane pressure, crossflow velocity, and channel configuration) have considerable effects on the removal of CECs
when using membranes (Comerton et al. 2008, Steinle-Darling and Reinhard 2008, Quintanilla
2010, Vergili 2013, Lin and Lee 2014, Nghiem and Fujioka 2016, Wang et al. 2018, Johnson et
al. 2019, Zhao et al. 2020).
To advance the field of membrane treatment process, researchers have investigated the
methods to improve the selectivity for certain pollutants, and anti-fouling properties (Kochkodan
and Hilal 2015), and structural properties of membranes. Recently, membrane modifications
have resulted in photocatalytic (Petronella et al. 2017) and adsorptive (Unuabonah and Taubert
2014) membranes that are capable of pollutant degradation as well (Zhao et al. 2013, Hou et al.
2014, Kochkodan and Hilal 2015, Muppalla et al. 2015). Various methods exist to modify
polymeric membranes. For example, nanocomposite membranes can be fabricated using bulk
modifications, by which the nanoparticles are mixed into the casting solution during the
conventional manufacturing process. Thin-film nanocomposite membranes are modified by
adding the nanofillers either into the selective layer or to the support structure. Surface
modifications can also be achieved by grafting or by coating additional layers on the membrane
surface (Lv et al. 2015, Yin and Deng 2015). Among various membrane modification
techniques, producing polyelectrolyte multilayers through layer-by-layer (LBL) molecular-level
adsorption of polymers is a well-established methodology that results in conformal thin film
coatings with precisely tuned physical and chemical functionalities (Decher 1997, Shi et al.
2

2004, Bruening et al. 2008, Lichter et al. 2009, DeRocher et al. 2010, Gribova et al. 2012, Zhai
2013, Joseph et al. 2014, Ilyas et al. 2017, Abtahi et al. 2018).
Although previous studies have focused on the removal of CEC using surface modified
membranes (Ben-David et al. 2010, Hou et al. 2014, Ragab et al. 2016), there is a lack of studies
comprehending the synergistic effects of the altered mechanisms of fouling as a result of the
membrane modification. Few studies (Bera et al. 2018, Firouzjaei et al. 2018) have addressed
the simultaneous improvement of permeability and anti-fouling properties on PFAS removal.
The interactions of the target compounds with the membrane surface and with the components
of the water matrix should be individually investigated to attain a better understanding of
different removal mechanisms. This research employs a novel approach to develop a
polyelectrolyte-based multifunctional membrane with enhanced electrostatic repulsion,
hydrophilicity and antifouling properties designed to enhance the removal of PFOA and PFOS
from water.
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CHAPTER TWO: BACKGROUND AND SIGNIFICANCE OF
MEMBRANES FOR TREATMENT OF CONTAMINANTS OF
EMERGING CONCERN
Organization of the Chapter Two
This chapter is subdivided into six sections. The first section will present an overview of
water treatment using membrane. This section will review the important stages in the development
of membrane technology. It will also discuss briefly the tools used to study and engineer
membranes for water treatment. The next section will present an overview of membrane fouling
and discuss the desired properties of anti-fouling membranes. The mechanisms by which fouling
occurs, and the techniques employed to tackle fouling, will also be addressed in this section.
Relevant examples of research on anti-fouling membranes will also be discussed in this section.
The third section will provide an overview of PFOA and PFOS—the two target CECs, which
have been investigated in this study. The section will also discuss reasons why these PFAS are a
concern for regulatory authorities along with the current extent of regulation. Available treatment
options will also be discussed here. The following section will provide a background of membrane
treatment processes used for PFOA/PFOS removal. The mechanisms by which these
contaminants are rejected by membranes will be described in this section. Relevant examples of
membrane studies will also be discussed therein. The following section will present a review of
the membrane modifications targeted at PFOA/PFOS treatment. The final section will provide the
rationale for using PAH/PAA/AgPNP modified membranes for PFOA/PFOS removal. The
specific properties of the modification which will be leveraged for contaminant removal will be
elaborated in this section.
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Overview of Membrane Treatment Processes
The early studies on membranes involved natural materials like animal bladders, rubber,
and metals. They served as analytical tools to study phenomena like osmosis, gas diffusion and
later in electrochemistry (Strathmann et al. 2011). In the field of water treatment, membrane
technologies have been effectively utilized for several decades now. When compared to
conventional treatment, membrane processes offer advantages including excellent pollutant
removal, high water quality, low chemical requirement and waste sludge production, smaller
footprint, and ease of integration with existing systems when applicable (Lee et al. 2016).
Membranes can be classified as microfiltration (MF), ultrafiltration (UF), nanofiltration
(NF), and reverse osmosis (RO). Desalination using RO membranes is the most common
application of membrane technology in the field of water treatment. Membranes can also be
classified as isotropic and anisotropic membranes based on their physical and chemical
composition. Isotropic membranes are characterized by their symmetrical composition, the
internal structure, pore size and distribution remain uniform across the membrane cross-section.
Anisotropic membranes are structurally heterogeneous. They may have a homogenous chemical
composition like Loeb-Sourirajan membranes or combine different polymeric materials in the
case of thin-film composite membranes (TFC) (Lee et al. 2016). Phase inversion and interfacial
polymerization are two important techniques used for the preparation of polymeric membranes
are. Other techniques like stretching, track-etching and electrospinning are also used. In the phase
inversion process, a polymer solution is typically immersed into a bath containing a non-solvent
(typically water), the solvent is gradually replaced by the non-solvent resulting in precipitation of
the membrane film. The resulting membrane structure and morphology can be adjusted depending
on the choice of polymer, solvents and non-solvents, precipitation time, bath temperature,
5

additives, and other parameters during the precipitation process (Lalia et al. 2013). The phase
inversion process is used to manufacture MF, UF, NF, and RO membranes. Interfacial
polymerization (IP) is one of the most commonly employed techniques to manufacture
commercial TFC membranes. Here, polymerization occurs at the interfacial boundary of two
immiscible solutions, resulting in the formation of membranes, which have a thin selective layer
on top of a more porous support layer.
Since the 1970s, extensive research has been carried out on the use of RO for water
desalination (Geise et al. 2010). The success of membrane desalination processes, led to the
replacement of evaporation-based technologies in the water treatment industry, which drove
further research and development in membrane water treatment. The use of NF, UF, and MF in
water and wastewater treatment has been steadily increasing ever since. MF membranes have
large pores and may be used to remove large particles and microorganisms. UF membranes have
smaller pores than MF membranes and are able to also remove bacteria, di-valent salts, and large
organic molecules. RO membranes have negligible permeability and usually require higher
operating pressure. They are able to exclude particles and even many low molar mass species
such as ionic salts, organic micropollutants, etc. NF membranes are porous membranes, they can
reject particles in the order of 10-100 nm, and exhibit performance between that of RO and UF
membranes.
The pore flow model and the solution-diffusion model are commonly used to describe the
transport of water and solute in membrane processes (Wijmans and Baker 1995, Sagle and
Freeman 2004, Geise et al. 2010). The pore flow model is generally applicable to MF and UF
membranes where size-based separation or sieving is dominant. Pore flow is driven by the applied
pressure and the removal is controlled by the size and shape of solute relative to the pore size.
6

The solution diffusion model, whereby the solutes dissolve in and then move along a
concentration gradient through the membrane material, explains mass transport across NF and
RO membranes better.
The major advantage of membrane technology is the higher removal rate of trace
pollutants, reduced space requirements, reduced need for strong chemicals, modularity, and the
ability to integrate with other systems (Lee et al. 2016, Nunes et al. 2020). Although polymeric
membranes have numerous desirable properties which make them suitable for many water
treatment applications, they still have some aspects which need to be improved. One of these is
that raising the water permeability of membranes usually results in lower solute removal. Another
is that membrane-based separation processes are susceptible to flux decline due to fouling.
Consequently, there is a need for improved membranes that have higher flux, better selectivity
for pollutants, lower fouling potential, and increased resistance to the chemical environment (Yin
and Deng 2015).
Overview of Membrane Fouling/Anti-Fouling Membranes
Fouling is the accumulation of material in a membrane’s pores or on its surface that affects
the membrane flow characteristics. The fouling is said to be temporary if the loss of flux can be
recovered by backwashing or cleaning the membrane surface. Otherwise, the membrane is said to
be ‘irreversibly’ fouled. To mitigate the effects of fouling, higher operating pressure and frequent
chemical cleaning are necessary, which contribute to an increase in operation cost, and
subsequently diminish the life of the membrane.
Several methods exist to control fouling, such as pre-treatment of raw water, optimization
of flow conditions, and membrane cleaning. These strategies, although effective, have their
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drawbacks. For example, pre-treatment of raw water requires additional space and energy, which
raise the cost of treatment. Membrane cleaning can be used to remove some of the fouling, but
chemical cleaning must also be carried out to remove the foulants which are resistant to physical
cleaning. Considering how fouling is predominantly a surface phenomenon, and how the
membrane surface is the location where fouling is initiated, the choice of researchers to carry out
surface modifications to engineer anti-fouling membranes becomes apparent.
Recently, considerable attention, when researching membrane fouling reduction, has been
given to surface modification of membranes (Reddy et al. 2003, Zhou et al. 2009, Rana and
Matsuura 2010, Razmjou et al. 2011, Kochkodan and Hilal 2015, Lv et al. 2015, Saqib and Aljundi
2016). We must first understand the fouling mechanism in order to engineer an anti-fouling
surface. Foulants can be divided in 4 categories i.e., a) non-migratory foulants b) proliferative
foulants c) inorganic foulants and d) spreadable foulants. Non-migratory foulants include, organic
colloids, natural organic matters, biomacromolecules. Microorganisms, bacterial films, living cells
are common examples of proliferative foulants. Inorganic foulants are usually, precipitated salts
and sparingly soluble salts which form scale. Spreadable foulants refer to oils and oily emulsions.
The mechanism by which these foulants are deposited on the membrane surface is as follows. To
start, transmembrane hydraulic pressure causes water molecules, solute, and foulants to approach
the membrane surface. Subsequently, these foulants interact with the membrane and are adsorbed
or attached onto surface via electrostatic, hydrophobic, van der Waal, hydrogen-bonding or other
interactions. The accumulation of different types of foulants and potential aggregation with each
other leads to the formation of cake, gel, oil, biofilm or scaling layers on the membrane surface
(Zhang et al. 2016, Zhao et al. 2018).
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Accordingly, the approach to developing an antifouling membrane surface can take the
following routes. The first approach uses fouling resistant mechanism which reduce direct contact
and interaction of foulants with the membrane surface by improving the interaction with the water
in the feed stream. For example, studies have shown that the presence of a hydration layer can
repel foulants from the membrane surface (Chen et al. 2010, Gunkel et al. 2011, Xiang et al. 2016).
Another approach is to reduce the surface-energy of the membrane in order to render adhesion of
foulants less effective, resulting in a membrane which can be easily cleaned (Brady Jr and Singer
2000, Su et al. 2008). The third approach is to incorporate foulant reactive species on the
membrane surface, which can actively degrade/destroy any foulant which attaches to the
membrane surface, reducing the accumulation and growth of the foulant layer (Yin et al. 2013).
A thin film nanocomposite membrane was fabricated using graphene oxide (GO)
nanoplatelets (Lee et al. 2013). This membrane was found to last 5 times longer than the non-GO
membrane, when reported as the time between subsequent cleanings. The GO membrane antibiofouling capability was attributed to its improved hydrophilicity and enhanced electrostatic
repulsion characteristics. The modified membrane with GO content of 1.3% by weight, exhibited
more than 2 times the pure water flux of the non-GO membrane when operated at 80 kPa. In
addition, the GO membrane had superior mechanical strength in comparison to the non-GO
membrane.
In another study, silver nanoparticles (AgNP) were chemically bonded to the surface of
polyamide (PA) TFC membrane, using cysteamine as a bridging agent (Yin et al. 2013). The
AgNP-TFC membrane showed a higher water flux (69.4 ± 0.3 L m-2 h-1) when compared to the
control (49.8 ± 1.7 L m-2h-1) and a minor reduction in the rejection of NaCl (93.6 ± 0.2% compared
to 95.9 ± 0.6%). The AgNP-TFC showed an improved ability to resist biofouling by inhibiting
9

bacterial growth on the surface of the membrane. The potential for silver leaching from the
membrane was also investigated under batch and flow-through conditions and found to be
negligible.
A novel polyvinylidene fluoride (PVDF) mixed matrix ultrafiltration membrane containing
reduced graphene oxide/titanium dioxide (rGO/TiO2) nanocomposite was prepared (Safarpour et
al. 2014) following a phase inversion method. The rGO/TiO2 was demonstrated to improve the
hydrophilicity of the membrane surface, leading to an increase in pure water flux and flux recovery
when compared to the unmodified PVDF. Based on the enhancement in hydrophilicity, pure water
flux and anti-fouling properties, the optimum rGO/TiO2 content was found to be 0.05% by weight.
Other relevant examples of anti-fouling membranes are listed in Table 2-1.
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Table 2-1. Selected examples of anti-fouling membrane studies

Membrane
used

Modification
technique

Polysulfone, UF

Sulfobetaine
polyimides added
during blending.

Anti-fouling
mechanism
•

•

Polysulfone, UF

Polyethersulfon
e, UF

Membrane
solution doped
with TiO2 before
dry-jet
wet
spinning.

•

Surface
adsorption
of
poly(sodium 4styrenesulfonate)
(PSS).

•

•

•

Polyethersulfon
e, UF

Mesoporous
silica (MS) added
to
casting
solution.

•

Anti-fouling
properties

Improved
surface
hydrophilicit
y
Blending
resulted in
uniform and
smaller
pores
Improved
surface
hydrophilicit
y
PSF–TiO2
membranes
showed
relatively
smoother
surface
Enhanced
surface
charge,
increasing
electrostatic
repulsion
Increased
membrane
wettability
due
to
presence of
hydrophilic
functional
groups
–OH group
on
membrane
surface
improved
hydrophilicit
y
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•
•

•
•
•

•
•

•
•

Additional
features

Improved
BSA rejection.
Higher flux
recovery ratio

•

Improved HA
rejection.
40% lower
flux decline
35% higher
flux recovery

Refere
nce

Almost double
the pure water
flux
Excellent
thermal
stability

(Gao et
al. 2017)

•

Air-gap length
used during
membrane
preparation
could be used
to tune
membrane
properties

(Hamid
et al.
2011)

Higher flux
recovery ratio
85-90% vs 5565% for the
unmodified
membrane

•

For higher
MWCO
membranes the
addition of
PSS resulted in
lesser pore
constriction
due to
filtration.

(Reddy
et al.
2003)

Higher pure
water flux
Higher flux in
the presence
of 1 g/L BSA,
similar
rejection.

•

The optimum
dose of MS
was found to
be 2% and
further
increase in the
MS content

(Huang
et al.
2012)

•

•

Polyvinyl
chloride, UF

Zinc oxide
nanoparticle
addition prior to
casting.

•

•

Polysulfone, UF

Poly(aryl
sulfone)

Polyethersulfon
e, UF

Surface
modification
with
polyethyleneimin
e (PEI) coated
silver
nanoparticles.

•

Photoinduced
graft
polymerization
with 66
monomers.

•

Surface
modification
using
polyelectrolyte
films with
montmorillonite.

•

•

Contact
angle
decreased as
the
incorporatio
n of the MS
particles
increases
Improved
surface
hydrophilicit
y
Reduced
interaction
between
foulant and
membrane
surface

•

Improved
surface
hydrophilicit
y due to
hydrophilicit
y of the
amine-rich
PEI

•

Presence of
amide
functional
groups
Hydrated
surface of
zwitterionic
monomers
also
improved
fouling
resistance
Details of
mechanism
not available

•

•

•

•
•

•

High flux
recovery, up to
92%
Improved
BSA rejection
Higher flux in
presence of
foulant (120
kg m-2 h-1 vs
60 kg m-2 h-1)
Anti-bacterial
surface
properties
Ability to
inactivate 94%
of E. coli on
membrane
surface

•

Improved
resistance to
NOM and
BSA fouling

•

•

High fouling
resistance
when treating
wastewater
effluent
Higher COD
removal

3 wt% ZnO
addition gave
the best results
for water flux,
flux recovery
and BSA
rejection

----------------

•

•
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was not
beneficial.

Higher FRR
(76.2% vs
45.2%)
Lower
adsorption of
BSA

•

[2(methacryloy
loxy)ethyl]dim
ethyl-(3sulfopropyl)am
monium
hydroxide
Diacetone
acrylamide
were identified
as the two best
surface
modifiers.
Addition of the
nano platelets
led to a
reduction in
flux.

(Rabiee
et al.
2015)

(Mauter
et al.
2011)

(Zhou et
al. 2009)

(Sanyal
et al.
2016)

Overview of PFOA and PFOS and their Environmental and Health Concerns
Per- and polyfluoroalkyl substances (PFAS) have highly desirable physico-chemical
properties due to the carbon-fluorine bond which make them useful for a variety of industrial and
household products. For example, the higher thermal stability (i.e., C2F5–F= 127 kcal mol−1 vs.
C2H5–H = 101 kcal mol−1,and CF3–CF3 =99 kcal mol−1 vs. CH3–CH3 = 89 kcal mol−1) and
oxidative resistance (i.e., F + e−→ F−, E0 = 3.6 V), make them suitable for applications where
resistance to heat/chemical degradation is required (Arvaniti and Stasinakis 2015, Espana et al.
2015). Perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS) were developed
for use in commercial products by the 3M Company. They have been used for more than five
decades in the production of a wide variety of consumer and industrial products including water
and oil repellents for fabrics, fire-fighting foams, metal-plating, cleaning and lubricating agents,
pesticides, medical aids, plastics, and other products for personal and domestic sanitization
(Rahman et al. 2014, ATSDR 2015, Richardson and Kimura 2016).
PFAS make their ways to the environment usually during synthesis and incorporation into
final products, consumer usage, and disposal through wastewater into the receiving streams.
Studies have reported the presence of a variety of PFAS in the ambient air, food, industrial and
municipal wastewater effluents, sediments, surface and groundwater, drinking water (Fig. 2-2),
as well as in wildlife (marine mammals, birds, fish, reptiles) and humans (Giesy and Kannan
2001, EPA 2002, Houde et al. 2006, Jian et al. 2017, Zhang et al. 2019, Franco et al. 2020).
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Figure 2-1. Chemical structures of PFOA (a) and PFOS (b) and their 3-D structures (c) and
(d).

Figure 2-2. PFOA and PFOS in drinking water from US EPA’s UCMR3.
Blank areas represent regions where no data were available.

PFAS have been reported to be found in groundwaters at various military sites and Air Force
bases, mainly driven by the usage of aqueous film-forming foams (AFFFs) for firefighting. The
occurrence of PFOA, PFOS, and 6:2 fluorotelomer sulfonate (6:2 FtS) in the groundwater at
Wurtsmith Air Force Base (WAFB) in northeastern Michigan was attributed to the fire-training
exercises conducted between 1950s and 1993 (Moody et al. 2003). PFAS have been shown to be
persistent in the environment. This, coupled with the fact that some of them are bio accumulative
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and potentially toxic, has raised concerns among water/wastewater industries and regulators
across the world (Pal et al. 2010, Gavrilescu et al. 2015, Noguera-Oviedo and Aga 2016).
In light of the growing environmental concerns regarding PFOS and PFOA, the 3M
Company phased out the production of -related products and replaced PFOS with perfluorobutane
sulphonate (PFBS) and shorter chain PFAS. Although, it is currently under significant
investigations, whether the effects observed in animals may be translated to humans are yet to be
established considering the differences in how the body reacts to exposure, particularly the
carcinogenic effects. Therefore, the long-term health risks associated with trace level exposure to
PFAS and other CECs are still being uncovered. In 2006, in response to requests from the USEPA,
eight major companies agreed to eliminate future PFOA emissions and use of PFOA in their
manufacturing processes, by the end of 2015. Additionally, PFOA was included in EPA’s
proposed Toxic Substance Control Act’s Significant New Use Rule (SNUR) issued in January
2015 which provided the regulatory framework which allowed the EPA to review any plans to
reintroduce the chemicals into the marketplace and take appropriate action (EPA 2016).
Although largely unregulated, agencies have taken steps to prepare for the regulation of
these contaminants. For instance, the United States the Safe Drinking Water Act (SDWA) requires
the EPA to publish a Contaminant Candidate List (CCL) and Unregulated Contaminant
Monitoring Rule (UCMR) every five years. The most recent of these are UCMR 4 published on
December 20, 2016 and CCL 4 announced on November 17, 2016. The CCL is a list of
unregulated chemicals which may require future regulations under the SDWA. On February 20,
2020, the EPA announced and requested for public comment on the Preliminary Regulatory
Determinations for selected contaminants on the CCL4 (USEPA 2020). PFOA and PFOS were
the two PFAS for which EPA will move forward to the implementation of the national primary
15

drinking water regulation (NPDWR) development process. Prior to that, EPA established lifetime
health advisory levels at 70 ng/L for PFOA and PFOS. The UCMR 5 which was published on
March 11, 2021, proposes sampling for 29 PFAS and lithium, during a 12-month period from
January 2023 through December 2025. Methods for analysis of these compounds are being
developed simultaneously. The main tools available for the analysis of these types of compounds
are chromatography (either GC or LC) coupled with mass spectrometry (MS).

Figure 2-3. A timeline of landmark events for PFOA and PFOS
Processes like ozonation and other advanced oxidation techniques have been used by
utilities to treat emerging micropollutants; however, they may in some cases only partially remove
the compounds and in the worse cases, their oxidation products become potentially toxic, which
requires further treatment (Pal et al. 2010). Processes involving adsorption using activated carbon,
CNTs, GO, clays and zeolites have also shown promises in removing CECs. However. they come
with associated infrastructure, cost and issues of long-term sustainable production of these
adsorbent materials (Rodriguez-Narvaez et al. 2017). Membrane processes are of great interest
because of higher removal rate of low molecular weight organic pollutants, excellent quality of
effluent, modularity and ability to integrate with other systems (Taheran et al. 2016).
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Background of Membrane Processes for PFOA/PFOS Removal
The limited ability of conventional treatment to remove PFOA and PFOS has increased the
need for advanced treatment options like high-pressure membrane filtration (Rahman et al. 2014,
Pramanik et al. 2017). NF and RO membranes are most often employed for the removal of PFOA
and PFOS due to their ability to remove most impurities from water. These systems when
employed in conjunction with other processes can achieve up to >95% removal of PFOA and
PFOS from water (Thompson et al. 2011, Boonya-atichart et al. 2018).
The removal of 15 different PFAS including PFOA and PFOS using four different NF
membranes was investigated (Steinle-Darling and Reinhard 2008). The researchers observed
>95% removal of 14 of the 15 PFAS tested. The results showed that the size of the compounds
and the “tightness” of the membrane were the main factors influencing the removal.
Perfluorooctane sulfonamide (FOSA) showed lower removal (42%) and this was attributed to the
fact that FOSA is partially uncharged, leading to reduced electro-static repulsion and increased
sorption by the negatively charged membrane surface. Raising the pH to 10 facilitated removal of
FOSA by >99%. The study also showed that the presence of a foulant layer can reduce the
effectiveness of PFAS removal by approximately 4%, attributable to the “foulant-enhanced
concentration polarization effect”. The sorption of the PFAS to the membrane material ranged
from 100 ng/m2 for smaller PFAS (<300 g/mol) to 100 µg/m2 for larger PFAS (>700 g/mol) and
showed a logarithmic increase in sorption with the increase in molecular weight of the PFAS
tested. The sorption of PFAS to the membrane was found not to be readily reversible by simple
flushing with clean water. The authors suggest that although contaminant size is the most
influential parameter to determine PFAS removal, the charge and solute-membrane interactions
also play a vital role. Upon comparing the PFOS removal of five RO membranes and 3 NF
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membranes (Tang et al. 2007), found that the PFOS removal for the RO membranes was >99%
and NF membranes removed 90% - 99%. In another study (Appleman et al. 2013) reported >99%
removal for PFOS and >97% removal for PFOA using NF270—a polyamide thin-film composite
membrane. The effects of feed water and presence of a foulant layer were found to have a
negligible effect on the removal of PFOA and PFOS.
The effectiveness of RO and NF membranes in removing PFOA and PFOS were shown
mainly under laboratory conditions. When used in full-scale treatment, NF/RO are preceded by
some pretreatment in order to mitigate the fouling potential of the incoming feed water prior to
high pressure filtration. A comparison of two wastewater recycling plants in Queensland, Australia
(Thompson et al. 2011) showed that the plant using de-nitrification, several stages of ozonation,
coagulation/flocculation, dissolved air flotation and sand filtration (DAFF) and biologically
activated carbon filtration failed to remove PFOA and partially removed PFOS. In comparison,
the plant which had a treatment train consisting of coagulation/flocculation and sedimentation, UF,
advanced oxidation (H2O2 + UV) and final stabilization and disinfection, removed PFOA and
PFOS to below quantifiable limits. In a study of seven different utilities across the United States
(Quiñones and Snyder 2009) found that the effective removal of PFCs was observed at a facility
which used a combination of Microfiltration (MF) and Reverse Osmosis to treat wastewater for
indirect potable reuse. PFAS removal was investigated at a drinking water treatment plant in northeast Spain (Flores et al. 2013), which treats about 4 m3/s of river water to supply over one million
inhabitants. The treatment process used dioxychlorination, coagulation, flocculation, settling, sand
filtration and groundwater dilution to treat the raw surface water. At this stage, the water was split
into two separate systems for further treatment. The first used ozonation and granular activated
carbon (GAC) filtration and was able to remove 64±11% and 45±19% of PFOS and PFOA,
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respectively. The second system consisted of UF followed by ultraviolet (UV) disinfection, RO
and remineralization and showed removal rates of >99% for PFOA and PFOS.
Although high pressure membrane filtration have proven successful in removing PFOA
and PFOS, they have drawbacks that need to be addressed. For example, the effects of membrane
fouling especially at higher concentrations have been reported in terms of a flux loss in the case
of PFOS (Tang et al. 2007) and in terms of an increase in transmembrane pressure for PFOA (Hang
et al. 2015).
Modified Membrane Treatment Processes
Novel membrane filtration processes have incorporated additional separation or chemical
reaction mechanisms to provide active destruction of the PFAS along with removal. Recent studies
aiming at modifying the membrane by incorporating nanoparticles have demonstrated promising
improvements in membrane filtration performance. Different modification approaches using
nanoparticles (NP) (Chung et al. 2012, Tian et al. 2012, Lee et al. 2013, Huang et al. 2015, Ji et al.
2016), thin-film nanocomposites (TFN) (Safarpour et al. 2015, Dong et al. 2016), and biologically
inspired membranes (Yin et al. 2012, Wang et al. 2015, Yin et al. 2016) and those made to improve
PFOA and PFOS removal will also be discussed in this section. Such modifications allow for
tuning of the physicochemical properties of membranes (hydrophilicity, porosity, charge density,
thermal, and mechanical stability) in addition to inducing new characteristics and functions
including adsorption, photocatalysis, anti-microbial activity, and platform sites for polymerization
initiation.
Niedergall et al. (2014) used nanospheric polymers to fabricate nanocomposite membranes
for enhanced CEC adsorption. The nano adsorbers were added to the polyethersulfone (PES)
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membrane matrix using a wet-phase inversion process. The study showed that these membranes
could be regenerated under high pH conditions. The major conclusion was that the particle-loaded
membranes had almost double the adsorption capacity for BPA and penicillin G in comparison
with the unmodified membranes. The impact of HA concentration on BPA adsorption was low
and minor improvements in BPA adsorption under higher HA doses were observed due to the
increased hydrophobic interactions caused by HA molecules on the membrane surface.
In a recent study, nanocomposite cellulose acetate membranes were developed through the
phase inversion approach, by incorporating cellulose acetate/Mg-Al layered double hydroxide and
sodium dodecyl sulfate within the polymer matrix (Raicopol et al. 2019). The modifications were
able to successfully increase membrane permeability and adsorption capacity for pharmaceutical
contaminants. The modified membrane was found to have a greater water flux than the unmodified
sample. A ten-fold increase in the adsorption was attributed to the enhanced electrostatic
interactions between the negatively charged drug molecule and positively charged Mg-Al layered
double hydroxide.
Successful degradation of PFAS by incorporating microwave-Fenton reactions into the
membrane filtration process was demonstrated in a recent study by Liu et al. (2020). The
researchers used bismuth ferrite (BiFeO3) catalyst to coat zirconia/titania (Zr/TiO2) membranes.
The microwave irradiated coatings reduced membrane flux by 14-22% and was able to degrade up
to 65.9% of PFOA from the feed in 2 minutes at a 43 L m-2 hr-1 flowrate. The study showed that a
moderate coating (1.6 µg∙cm−2) and low hydraulic retention time (2 min) enabled effective
degradation of PFOA by providing sufficient time for the catalytic microwave-Fenton reaction.
Multiwalled carbon nanotubes (MWCNTs) were immobilized in an electrospun
nanofibrous membrane engineered to improve PFOS removal by enhanced sorption (Dai et al.
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2013). Sorption of PFOS increased 18-fold after the MWCNT immobilization. The researchers
also observed that when the pH was raised from 2 to 10, sorption of PFOS decreased by 30%. The
study showed that the strong hydrophobic interactions between PFOS and the MWCNTs played a
dominant role in the sorption process.
The use of responsive polymers has also been demonstrated as an effective option to treat
PFCs by utilizing their adsorptive/desorptive mechanism. Saad et al. (2020) developed poly-Nisopropylacrylamide (PNIPAm) pore functionalized polyvinylidene difluoride (PVDF)
membranes for PFC removal from water. The temperature responsive behavior of PNIPAm and
the corresponding hydrophilic/hydrophobic transition were leveraged for reversible adsorption and
desorption of PFCs. The modified membrane demonstrated the ability to adsorb PFOA at 35 °C
and desorb at 20 °C. The rate of desorption was found to be faster than the rate of adsorption and
the percentage of PFOA desorbed was up to 90%, demonstrating the regeneration of membrane
adsorption capacity.
Using a dry-jet wet spinning technique, Wang et al. (2015) fabricated a novel hollow fiber
NF membrane from poly(m-phenylene isophthalamide) (PMIA). The membrane exhibited >94%
removal of PFOS with electrostatic repulsion being the dominant mechanism. The study also
showed that the PFOS removal improved from approximately 91% to 97% as solution pH
increased from 3.2 to 9.5. The presence of calcium ions was found to increase removal of a 100
ppb PFOS feed by 5 times and >99% removal was achieved when 2 mM Ca2+ was added to the
feed. This increase in removal in the presence of Ca2+ ions was deemed to be due to pore blockage
and specific bridging interactions between Ca2+ and the sulfonate group of PFOS.
In another study Zhou et al. (2016), prepared a novel silica membrane functionalized with
amino group and octyl-perfluorinated chain was prepared on the periphery of Fe3O4 nanoparticle
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(NP). The modified membrane used a combination of electrostatic and fluorine fluorine (F-F)
interaction with the addition of size exclusion effect to reject PFOA, PFOS and seven other PFAS.
The F-F interaction was found to be improved by the electrostatic attraction of the amino group to
the -COOH or -SO3H group of PFOA and PFOS respectively. The composite showed a better
removal efficiency (86.29%) for PFAS than that (58.61%) of powdered activated carbon (PAC).
The membrane was reusable and showed negligible reduction in removal efficiency even after a
several cycles. There is a lack of studies addressing the simultaneous enhancement of anti-organic
and biofouling properties on PFAS removal.
Polyelectrolyte Modification of Membranes for Enhanced Anti-Fouling and CEC Removal
Potential
Among various membrane modification techniques, introduction of polyelectrolyte
multilayers using a layer-by-layer (LBL) process on the membrane surface is an appealing
option. It is a well-established methodology that results in conformal thin film coatings, with
precisely tuned physical and chemical functionalities (Decher 1997, Shi et al. 2004, Bruening et
al. 2008, Lichter et al. 2009, DeRocher et al. 2010, Zhai 2011, Gribova et al. 2012, Zhai 2013,
Joseph et al. 2014). This technique allows us to control the thickness of the LBL assembled
layers by adjusting the assembly conditions. The film thickness and growth rate depend on
various factors including chemicals used, charge density, molecular weight, temperature,
depositing time, concentration, and pH of the species (Joly et al. 2000, Wang et al. 2002,
Srivastava and Kotov 2008, Machado et al. 2009, Xu et al. 2015). Such films can be stabilized
on the substrate via an additional crosslinking step to ensure that they do not get removed under

22

normal operating conditions (Zhai et al. 2004, Mallwitz and Laschewsky 2005, de Grooth et al.
2015).
Another attractive property of LBL polyelectrolyte films is that nanoparticles can be
incorporated into the coatings to leverage the unique properties of both the components into a
nanocomposite material. Successful incorporation of the cations into the coatings is possible due
to their binding with carboxylic acid group in the PAH/PAA multilayer films. This step is usually
followed by reduction of the ions to metallic nanoparticles, which may be accomplished using
photochemical reactions (Machado et al. 2009), or by using chemical reducing agents (Lee et al.
2005, Li et al. 2006). Silver nanoparticles have been used to modify polymeric membranes to
impart anti-microbial (Li et al. 2006, Liu et al. 2013) and fouling resistant properties (Liu et al.
2010, Zhu et al. 2010). The anti-bacterial mechanism of silver ions has been related to their
ability to interrupt the normal enzymatic function in the cell membrane of a bacterium, which
eventually leads to cell death (Matsumura et al. 2003, Lee et al. 2007). The reactive oxygen
species, (ROS) produced when bacterial cells are exposed to silver nanoparticles can trigger
oxidative stress towards the bacteria and cause irreversible cell damage (Soenen et al. 2011).
The large surface area of the nanoparticles make them more efficient at bacteria inactivation
when compared to bulkier counterparts. This larger surface area ensures close contact with
bacteria and release of the reactive radicals (Zhu et al. 2018). The current research aimed at
leveraging the unique properties of polyelectrolyte coatings embedded with AgPNP to engineer
a multi-functional membrane with enhanced anti-bacterial and antifouling properties designed
to remove PFOA and PFOS.
Though many researchers have used membranes to study PFAS removal, there have not
been many studies which have used polyelectrolyte modified membranes for this purpose. This
23

study will attempt to understand the mechanisms of PFAS removal using polyelectrolyte
modified membranes. Selected examples of polyelectrolyte modified membranes used for water
treatment applications are discussed in this section.

Figure 2-4 . Schematic diagram of PAH/PAA layer-by-layer deposition on membrane
substrate.
Shan et al. (2010) developed a PES membrane coated with polyelectrolyte multilayer
(PEM) films, using a LBL technique, with controllable surface charge, hydrophilicity, and
permeability. The PAH/PAA bilayer combination was used to improve the hydrophilicity of the
prepared membranes. The study showed that terminating the polyelectrolyte film with a
polycation would result in a positively charged surface and a negative surface would be produced
by one terminating with a polyanion. The ability to control the surface charge can be leveraged
to engineer membranes which can reject both negative and positively charged contaminants,
based on the charge of the final polyelectrolyte layer.
In their work with PAH/PAA thin films Yoo et al. (1998), demonstrated how the surface
wettability, the level of layer interpenetration, and control over film thickness at the nanometer
scale could be altered by simply adjusting the pH of the polyelectrolyte solutions. Park et al.
(2010) prepared polysulfone membranes with pH-controlled layer-by-layer assembled thermally
crosslinked PAH/PAA multilayer coating. When combined with permeate recycling, these
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membranes exhibited ion removal up to 99.8%. The research showed how the crosslinking
process could produce large amount of freely charged groups with a densely packed structure
which are ideal for desalination and contributed to a 26% increase in ion rejection. Specifically,
the highly ionized group (i.e., –COO- groups of PAA and the –NH3+ of PAH) were found to be
capable of rejecting similarly charged ions or trapping oppositely charged ions from the feed
solution.
Ilyas et al. (2017) coated a UF support with PAH/PAA multilayer films, using a LBL
technique, in order to develop NF membranes with tunable separation layers for the purpose of
CEC removal. The study found that by adjusting the pH of the polyelectrolyte coating solutions
they could control the amount of material adsorbed during each coating cycle. The researchers
also demonstrated that the surface charge and hydrophilicity could be tuned by switching the
final layer of the coating process. The resulting membranes showed high micropollutant removal
accompanied by low ionic rejection. This type of membrane would be well suited to reduce
micro-pollutant levels, without altering the ionic composition of the feed. The same membrane
was tested under realistic conditions using synthetic secondary-treated municipal wastewater
(Abtahi et al. 2018). The results indicated that it is possible to achieve good CEC removal (∼44–
77%) at realistic wastewater treatment conditions, combined with low ionic rejections (∼17%
for NaCl), in contrast to available commercial NF membranes that combine high salts and
micropollutant removal. The researchers suggest, that in theory, this membrane could remove
micropollutants without producing a highly saline concentrate stream that would otherwise
disrupt its biological treatment.
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CHAPTER THREE: EFFECT OF POLYELECTROLYTE
FUNCTIONALIZATION ON THE PROPERTIES OF
ULTRAFILTRATION MEMBRANES

Part of chapter three was previously published as Olimattel, Kunal, et al. "Enhanced Fouling
Resistance and Antimicrobial Property of Ultrafiltration Membranes Via Polyelectrolyte-Assisted
Silver Phosphate Nanoparticle Immobilization." Membranes 10.10 (2020): 293.
Abstract
This chapter investigates the impact of polyelectrolyte bilayer (PEBL) modification of
ultrafiltration (UF) membranes on membrane characteristics including hydrophilicity, surface
roughness, charge, porosity, permeate flux, molecular weight cutoff (MWCO), and the ability of
the membrane to incorporate stable nanoparticles. UF is a low-pressure membrane that yields
higher permeate flux and saves significant operating costs compared to high-pressure
membranes; however, UF membranes are not well suited to remove smaller molecular-weight
contaminants. This study aimed to improve the size rejection property of a UF membrane
without compromising membrane flux through PEBL modification. PEBL functionalization
imparted enhancements in other membrane properties including surface charge and
hydrophilicity and rendered a smoother membrane surface. Negatively charged polyacrylic acid
(PAA) and positively charged polyallylamine hydrochloride (PAH) were deposited on the
membrane using a fluidic layer-by-layer assembly technique. AgPNP were immobilized within
the crosslinked “bilayers” (BL) of PAH/PAA. AFM analysis revealed that the PEBL coated
membrane had a smoother surface when compared to the unmodified membrane. Upon stable
and uniform BL formation on the membrane surface, the permeate flux was governed by a
combined effect of PAH/PAA-derived hydrophilicity and surface/pore coverage by the BLs
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“tightening” of the membrane. This was subsequently confirmed by approximately 9.23%
reduction in porosity. The effectiveness of AgPNP immobilization was confirmed by
microprofile measurements on membrane surfaces using a solid contact Ag micro-ion-selective
electrode. Post modification, the molecular weight cut-off (MWCO) improved by 38%, which
was accompanied by a 10.5% reduction in flux.
Introduction
Membrane filtration has been demonstrated to be a versatile and efficient way to remove
impurities from water. Membrane separation offers excellent pollutant rejection and water quality.
Compared to conventional treatment, membrane filtration requires less space and chemicals.
Furthermore, widespread adoption of membrane technology has occurred in large part due to its
ability to be integrated into existing systems (Lonsdale 1982, Michaels 1996, Jacangelo et al. 1997,
Geise et al. 2010, Strathmann et al. 2011, Warsinger et al. 2018). Nanofiltration (NF) and reverse
osmosis (RO) are “tight” membranes suited to remove contaminants in the nanometer range.
However, they require high pressure and are susceptible to fouling, which requires frequent
cleaning. UF membranes have larger pores compared to NF and RO membranes. They require
lower operating pressure and can produce higher flux. UF membranes are suited to removing larger
impurities like di-valent salts, pathogens and large organic matter molecules. Although membrane
filtration serves as a reliable treatment option, there are efforts to overcome the associated
drawbacks. Notable challenges include, fouling control, and improving selectivity without
sacrificing water permeability (Sagle and Freeman 2004, Geise et al. 2010, Strathmann et al. 2011,
Warsinger et al. 2018).
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One of the areas of focus has been to modify or alter the physico-chemical properties of
the membrane material. The objective of such modifications is to render membranes with higher
flux, better selectivity, fouling, and chemical resistance (Kim and Van der Bruggen 2010, Lalia et
al. 2013, Nunes et al. 2020). Membranes can be modified by incorporating nanoparticles (NP),
nanotubes or nanofibers either into the selective layer or to the support structure, when fabricating
mixed matrix, thin-film nanocomposite (TFN) (Pendergast and Hoek 2011, Bassyouni et al. 2019,
Dlamini et al. 2019). Surface modifications are also accomplished by techniques like chemical
grafting and thin-film coating (Rana and Matsuura 2010). For this study, a layer-by-layer (LBL)
modification was performed, whereby alternate positive and negative polyelectrolyte (PE) layers
can be deposited onto the membrane surface to produce conformal polyelectrolyte multilayer films
with physical and chemical functionalities, which can be tuned to meet the requirements of the
specific filtration operation.
This LBL technique involves a sequential adsorption of materials that can form
intermolecular interactions including electrostatic interactions, hydrogen bondings, and metal
complexation. Such a technique facilitates a versatile platform for the assembly of materials and
nanostructures of interest on various substrates (Joseph et al. 2014, Saqib and Aljundi 2016). Such
deposition approach has been used to coat channels and membranes with nanometer thick polymer
films. The resulting properties of the PE multilayer coating depends on various factors, such as
chemicals used, charge density, molecular weight, temperature, deposition time, and pH (Yoo et
al. 1998, Shiratori and Rubner 2000, Zhai et al. 2004, Park et al. 2010, Shan et al. 2010, Xu et al.
2015). Similarly, the charge on the membrane surface can be adjusted to be more electropositive
or electronegative to reject the type of pollutant being targeted (de Grooth et al. 2014). In addition,
rich functional groups (e.g., carboxylate and amine groups) make LBL multilayers potential
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reservoirs of metal ions. LBL multilayer films acting as nanoreactors can produce functional
nanostructures from the embedded metal ions, leading to various promising applications in water
treatment. Additives can be incorporated into the LBL polyelectrolyte films to impart added
features like photo reactivity (Dai and Bruening 2002, Shi et al. 2004), fouling resistance (Sanyal
et al. 2016, Saqib and Aljundi 2016), anti-bacterial effect (Lee et al. 2005, Liu et al. 2013), and the
ability to breakdown organic pollutants (Mentbayeva et al. 2012).
In this study. polyelectrolyte multilayer films (PMF) was deposited on a UF membrane
substrate through a layer-by-layer deposition of PEs followed by crosslinking. Silver metal ions
were introduced to PMF and silver phosphate nanoparticles (AgPNP) were produced through a
reaction with Na2HPO4. It is hypothesized that rich functional groups on membrane surface and
polymeric matrix will promote enhanced retention and binding with emerging organic pollutants
while the AgPNPs will impart antimicrobial properties leading to resistance to biofouling. For the
first time in such a functionalization approach, microprofile measurements were applied using a
customized solid contact silver micro-ion-selective electrode on and near the PE modified
membrane surfaces to evaluate the effectiveness of nanoparticle (i.e., the AgPNP) immobilization
within the PE layers. This chapter discusses the effects of the PE modification on membrane
properties including hydrophilicity, surface roughness, charge, porosity, flux, and molecular
weight cutoff (MWCO). The technical challenges that were addressed in this study include the
effectiveness of NP immobilization within the PE films (i.e., to ensure that the AgPNP are not
released from the membrane) and the stability of the PE films with the integrated NPs. The tradeoff between membrane flux loss due to the conformal coating and flux enhancement as a result of
hydrophilization of the membrane by the rich functional groups of PEs as well as the fouling
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resistance and antimicrobial properties due to the AgPNP-PE functionalization will be discussed
in Chapter 4.
Materials and Methods
Materials and reagents
Polyacrylic acid (PAA) (Acros Organics), 25 wt.% solution in water and polyallylamine
hydrochloride (PAH) (Alfa Aesar™), procured in solid powder form, were used to form the PE
coatings. 1-ethyl-3-(3-dimethylamionopropyl) carbodiimide (EDAC) (Acros Organics™) was
used as a crosslinking catalyst in the coating process. Silver acetate (AgC2H3O2) (99% pure
analyte from Acros Organics™ ) and sodium hydrogen phosphate (Na2HPO4) (certified ACS) were
used to form AgPNP in the coatings.
Membrane functionalization
A commercially available UF membrane (UA60, Trisep) was used in this study. This is a
piperazine-based thin-film composite membrane that falls within the range between a “tight” UF and
a “loose” NF membrane with a pore size distribution in the range of 1,000 Daltons (MICRODYNNADIR GmbH 2019). The deposition of negatively charged PAA and positively charged PAH
coatings on membranes was performed by a fluidic method that was carried out by alternately
circulating 0.01M solutions of each of PAA and PAH through the cross-flow filtration cells for 2
min. (loading time). This produced one PAH/PAA ‘bilayer’ (BL) and this procedure was repeated
till the PAH/PAA coatings of target thickness were obtained on the membrane (Figure 3-1.a).
Deionized (DI) water was run for 30 s before changing solutions in order to flush out any remaining
PAH or PAA from the previous cycle. The solutions were maintained at pH 3.5 for the duration of
the coating process (Wang et al. 2002, DeRocher et al. 2010). Crosslinking of the PAH/PAA bilayers
was carried out by immersing the membrane in a 0.5% EDAC solution to improve the stability of
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the coatings (Figure 3-1.b) (Schuetz and Caruso 2003). This was followed by soaking in a 5.0 mM
silver acetate (AgC2H3O2) solution to infuse Ag ions into the BLs (Figure 3-1.c). The bonding of
Ag+ to PAA/PAH bilayers is attributed to CH3COO- groups present in the chemical structure of the
PEBL matrix (Clay and Cohen 1997, Machado et al. 2009). The pH of 3.5 used for the
polyelectrolyte solutions in this study ensures the presence of free carboxylic acid groups in the
PAH/PAA bilayers available for binding silver ions (Joly et al. 2000, Wang et al. 2002). This is
followed by immersing into a 0.2 M sodium hydrogen phosphate (Na2HPO4) solution to form stable
AgPNP (Figure 3-1.d). This resulted in PAH/PAA-assisted AgPNP immobilization on the UF
membrane substrate.

PAA

PAH

(a)

Membrane Surface

(b)

Membrane Surface

(c)

Membrane Surface

(d)

Membrane Surface

Ag+

AgPNPs

Figure 3-1. Schematic of membrane functionalization process sequence: (a) bilayer coating
of virgin membrane with PAH and PAA; (b) membrane after crosslinking with 0.5%
EDAC; (c) Ag+ loaded after soaking in 5 mM AgC2H3O2 solution; (d) Stabilized AgPNP
formed after soaking in 0.2 M Na2HPO4 solution.
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Determination of membrane hydrophilicity
It was previously demonstrated that the PAH/PAA bilayer coatings impart
superhydrophilicity to the surface (Chunder et al. 2009). This study aims to improve the
hydrophilicity, and therefore, the permeability of UF membrane. As demonstrated by previous
studies (Lee et al. 2013, Safarpour et al. 2014, Zirehpour et al. 2015, Korzhova et al. 2020, Miao
et al. 2020), an optimal hydrophilic coating can effectively improve the transport of water through
the membrane. Pure water contact angle measurements were carried out determine the impact of
PEBL functionalization on membrane hydrophilicity. Contact angle measurements via the sessile
drop technique were taken using a Dataphysics Instruments USA Corp goniometer to determine
the hydrophobicity/hydrophilicity of the virgin and modified membrane samples. The contact
angle results were based on the average of five independent measurements taken on the surface of
each sample.
Membrane permeability
The filtration experimental setup consisted of three parallelly connected cross-flow
membrane cells (model: CF042A, Sterlitech, Kent, WA), feedwater delivery pump, flow control
valves, feed and concentrate pressure gauges, flow meters, chiller/heater (for temperature
control), and storage tanks (Figure 3-2). To investigate the effect of the number of bilayer
deposition on membrane permeability, DI water was filtered through the membranes. The
membrane coupons were compacted for 4 hours at 120 psi before prior to the permeability test.
While the initial feed pressure was 40 psi, it was increased up to 120 psi in increments of 20 psi
each time. The pure water flux through the membrane was measured using equation 3-1.
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Flux (J) = V/(A × t)

(3-1)

where:
V = volume of permeate (L)
A = Active area of membrane coupon (m2)
t = time taken to collect permeate (h)

Figure 3-2. Schematic of bench-scale cross-flow membrane filtration.
Membrane porosity and size rejection
It was hypothesized that functionalization would affect the membrane porosity due to the
deposition of PE on the membrane surface and along the pore walls. A gravimetric method based
on similar studies (Hamid et al. 2011, Zinadini et al. 2014, Rabiee et al. 2015) was used to
determine the average porosity (ε) of the virgin UF membrane and the modified membrane.
Duplicate membranes samples of 3 cm by 2 cm were used for porosity determination. The
membrane sample was soaked in DI water overnight to ensure that the pores were filled with
water. The sample was cautiously dabbed with Kimwipes to remove any water pooled on the
membrane surface prior to recording the wet weight of the samples. Thereafter, the samples were
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placed in a vacuum oven at 60 °C for 2 hours after which the dry weight of the samples was
determined.
Porosity was determined using equation (3-2).
ε = (ω1 – ω2)/(A × l × dw)

(3-2)

where ω1 is the weight of the wet membrane; ω2 is the weight of the dry membrane; A is the
membrane effective area (m2), dw is the water density (998 kg/m3) and l is the membrane thickness
(m).
One approach to evaluate membrane performance is based on the nominal molecular
weight cut-off (MWCO), which is defined as the minimum molecular weight of a solute that is
90% retained by the membrane (Platt et al. 2002, Drioli and Giorno 2010). To determine the effect
of functionalization on the MWCO of the membrane, rejection experiments were conducted using
polyethylene glycol (PEG) of known molecular weights. PEG has been successfully applied for
MWCO studies for UF and NF membranes as well as for modified membranes (Chaturvedi et al.
2001, Hilal et al. 2007, Hilal et al. 2008).
Rejection tests were conducted in triplicate using a filtration setup consisting of three
cross-flow membrane cells connected in parallel (model: CF042A, Sterlitech, Kent, WA),
feedwater delivery pump, flow control valves, feed and concentrate pressure gauges, flow meters,
chiller/heater (for temperature control), and storage tanks (Figure 3-2). The membrane coupons
were first compacted for 4 h at 100 psi using DI water following which 50-100 mg/L PEG feed
was introduced and the pressure was reduced to 80 psi. The system was left to equilibrate for 24
hours after which 50 mL of the permeate and feed samples were collected for analysis. The tests
were run in recycle mode at 20 ± 1 °C, pH 7 ± 0.5 and a cross-flow velocity of 0.14 m s–1.
%Rejection (R) for the tests was measured using equation (3-3).
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%R = [ 1-(Cp/Cf)] × 100%

(3-3)

Where, Cp is the concentration of PEG in the permeate and Cf is the concentration of PEG
in the feed solution. The concentration of PEG in the feed and permeate was measured using a
Fusion TOC Analyzer (Teledyne Tekmar, OH). Four different molecular weights (PEG 400, 600,
1000, 1500) were individually tested and used to determine the MWCO of the membrane before
and after membrane functionalization.
Membrane surface morphology and charge
The PAH/PAA and PAH/PAA/AgPNP layers on the membrane were examined using scanning
electron microscopy (SEM) (Zeiss ULTRA-55 FEG). Energy dispersive spectroscopy (EDS) was
performed on the surface of the modified membrane to scan for the presence of AgPNP (Sharma et
al. 2015). Atomic force microscopy (AFM) was conducted using a Multimode SPM, NanoScope
IIIA instrument (Veeco Instruments, Inc., Town of Oyster Bay, NY, USA). A cantilever tip, running
in contact mode, was used to determine the surface roughness of the membrane. To quantify the
membrane surface charge, zeta potential (ZP) measurements were carried out using an Anton-Paar
Electrokinetic Analyzer at a range of pH using potassium chloride (KCl) solution (10-3 M) in DI
water as a background electrolyte, following a streaming potential method as described by
Luxbacher (Luxbacher 2006).
Silver phosphate nanoparticle (AgPNP) stability tests
The effectiveness of AgPNP immobilization within the PAH/PAA films was evaluated by
monitoring the leaching of silver ions (Ag+) under different flow conditions. Accordingly, membrane
samples loaded with AgPNP within the PAH/PAA BLs were compared with those with Ag+ infused
within the BLs but not being converted to AgPNP (i.e., the immersion of the samples in Na2HPO4
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was omitted). While PAA was deposited as the final layer during LBL deposition, one set of
membrane samples was prepared with PAH as the topmost layer to verify if the charge imparted by
the final layer had any impact on AgPNP stability.
Microprofiling of Ag+ concentrations on and near the membrane surface was conducted
using a solid contact silver micro-ion-selective electrode (Ag+ micro-ISE), developed following
protocols reported in recent studies (Ma et al. 2016, Church 2018, Ma et al. 2018). The ion selective
membrane composition responsible for Ag+ detection was prepared following another previous study
(Mensah et al. 2014). The micro-ISE was calibrated using standard AgNO3 solutions with
concentrations ranging from 10-7 M to 10-2 M. A commercial Ag/AgCl milli-electrode was used as
an external reference electrode. The membrane samples were placed in a flow chamber (Figure 3-3)
with a flowrate of 2 mL min-1 and allowed to equilibrate for 30 min. Microprofile measurements
were taken from the bulk (2,000 μm) to the membrane surface at 50 μm increments every 20 s. Three
different points on each sample were examined to ensure uniformity. Duplicate profiles for each
sample were averaged to determine the final results. The samples that did not leach any Ag+ during
the microprofile measurements were used to filter DI water for 48 h using the membrane filtration
setup. Feed and permeate water samples were collected from the filtration run to determine Ag+
concentration using an inductively coupled plasma (ICP)-atomic absorption optical spectrometer
(Optima 7300 DV Perkin-Elmer, Shelton, CT) following Standard Method 3120 B (APHA 2017).
The limit of detection of the instrument was 0.005 mg L-1.
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Figure 3-3. Silver (Ag) microprofile measurement setup (inset: closeup of Ag+ micro-ISE).
Effect of PE Functionaliztion on Hydrophilicity
When comparing the contact angle measurements following different numbers of BL
deposition, it appears that the UF membrane becomes more hydrophilic once stable BLs are
formed (Figure 3-4). Although 3 BLs resulted in a higher contact angle (CA = 43°) compared to
the virgin UF membrane (34°), the contact angle began to decrease when the membrane was coated
with 5 or more BLs. It required 5 BL deposition to achieve a stable and uniform coating (Figures
3-8.d and 3-10.b), before which, the rather ‘loose’ PE molecules that might have accumulated on
the membrane surface in a sporadic manner likely resulted in a rougher surface. An increase in
surface roughness, as hypothesized to have resulted from 3 BL deposition in this case, may result
in an increase in contact angle (Jose and Alagar 2015). Once the membrane surface became
smoother following 5 or more BL deposition, the functional groups of PAH and PAA imparted
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membrane hydrophilicity, as indicated by the gradual decrease in contact angle (Figure 3-4).
Detailed contact angle results have been included in Appendix A.
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Figure 3-4. Effect of PAH/PAA bilayer deposition on membrane.
Effect of Membrane Functionaliztion on Permeate Flux
The permeate fluxes of the virgin and PAH/PAA modified UF membranes as a function of
applied pressure are shown in Figure 3-5. The modified UF membranes were expected to offer NFlike performances as indicated by the overall flux trends. The 3-BL membrane exhibited higher
fluxes (pure water permeability, PWP = 8.9 L m-2 h-1 bar-1) compared to that by the virgin membrane
(PWP = 7.6 L m-2 h-1 bar-1). The values are comparable to the flux values for the virgin membrane
as reported by the manufacturer (PWP = 7.9 L m-2 h-1 bar-1) (STERLITECH 2020). While the
hydrophilicity of the UF membrane was reduced due to 3 BL deposition (Figure 4-4), the increased
flux could be attributed to the surface roughness (Guerra and Pellegrino 2012) caused by the
sporadically deposited PAH and PAA molecules. It appears that stable films are effectively formed
after the deposition of 3 BLs on the membrane substrate. This is in line with the findings of Mallwitz
and Laschewsky (2005) who developed a method to fabricate ultrathin freestanding PE films in the
meshes of an electron microscopy grid. The initial films formed were so fragile that they could not
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be observed using optical microscopy. However, the films became stable after three cycles of coating
and a slow drying process. The mechanical stability of the films was improved by adding more PE
films and upon thermal crosslinking (Mallwitz and Laschewsky 2005).

Figure 3-5. Effect of PAH/PAA bilayers deposition on membrane permeate flux.
In the current study, as more stable and uniform BLs began to form on the surface, the PEderived hydrophilicity was expected to result in increased permeate flux. However, the deposition
of 5 BLs, despite increasing membrane hydrophilicity (CA ~ 32° for the 5-BL membrane vs. ~34°
for the unmodified membrane), resulted in slightly lower fluxes (pure water permeability, PWP =
6.8 L m-2 h-1 bar-1) than the virgin membrane. This is likely a combined effect of hydrophilicity and
surface and pore coverage by the PAH/PAA BLs ‘tightening’ the membrane. Since the fluidic
method was applied in this study, it was expected that PAH and PAA would be forced into the
support structure of the membrane in addition to coating the surface. As more BLs (7 and 10) were
deposited, the membrane hydrophilicity was improved (Figure 3-4 and 3-6) but permeate flux did
not improve (PWP = 3.5 L m-2 h-1 bar-1 and 1.8 L m-2 h-1 bar-1). Past studies have investigated
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PAH/PAA modification of commercial polysulfone substrates as an approach to improve
desalination performance of RO membranes (Park et al. 2010). The study reported higher rejection
(>99%) of NaCl, but markedly decreased permeate flux with the increase in the number of BLs
deposited. The authors attributed this reduced flux performance to the formation of dense PAH/PAA
films through crosslinking. This was further supported by the observation that the BL thickness
increased exponentially as a function of BL numbers, particularly past 5 BLs (Park et al. 2010). In
the current study, the number of BL deposited was limited to 5 to ensure that the enhancement of
membrane hydrophilicity and the resulting permeability are not offset by the hindrance from BL

Flux at 100 psi (L/m2.hr)

deposition. Detailed permeability results have been included in Appendix A.
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Figure 3-6. Comparison of membrane permeate fluxes at 100 (psi).
Effect of PE Functionalization on Porosity and Size Rejection Property
When comparing the virgin UF membrane to the functionalized UF membrane it was found
that the average porosity (ε) was reduced by about 9.2% due to the functionalization process. This
would indicate that the “tightening effect” observed in earlier permeability studies with the AgPNP
UF membrane (Olimattel et al. 2020) may be attributed to the reduction in porosity. The PEG
rejection studies help shed light on the sieving behavior of the membrane before and after
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modification. Detailed results from the PEG rejection tests have been included in Appendix A.
The data was used to generate a plot of Rejection (%) versus molecular weight (Mw) which was
used to characterize each membrane (figure 3-7). The experimentally determined MWCO of the
virgin UF membrane was determined to be 2263 Da while the functionalized UF was 1411 Da.
This would confirm that the membrane has become tighter and capable of rejecting smaller sized
contaminants after the modification. The equations (3-4 and 3-5) represent the line of best fit for

%Rejection (functionalized UF) = 0.3344 ln(Mw) - 1.525

(3-4)

%Rejection (virgin UF) = 0.4242 ln(Mw) - 2.3767

(3-5)
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Figure 3-7. Comparison of PEG rejections for virgin UF and functionalized UF membrane
Effect of PE Functionalization on Surface Morphology and Charge
When comparing the SEM images (Figures 3-8.a and 3-8.c) of the virgin and modified UF
membrane surfaces, the latter exhibited distinct bright specks, which were later confirmed as Ag
by EDS scans (Figure 3-9). The average mass loading of silver on the membrane was 8.8% ± 6.8%
by weight. This indicated that the AgPNP were successfully immobilized within the PAH/PAA
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BLs. The cross-sectional views (Figures 3-8.b and 3-8.d) showed how a stable and uniform coating
rendered a smoother surface on the modified membrane sample than the virgin membrane. This is
due to the inherent properties of the applied PEs, which form an ultra-thin coating on the surface
of the membrane. AFM analysis demonstrated that the UF membrane functionalized with 5
AgPNP embedded PAH/PAA bilayers (AgPNP-BL) had a smoother surface with an average
roughness (Ra) of 10 nm and root mean square roughness (Rrms) of 12.6 nm in comparison with
the virgin membrane (Ra = 20.3 nm and Rrms = 26 nm) (Figure 3-10).

Figure 3-8. SEM images of a virgin membrane surface (a) and cross-section (b); 5
PAH/PAA BL-assisted AgPNP-immobilized UF membrane surface (c) and cross-section
(d).
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Figure 3-9. EDS spectra of 5 AgPNP-BL UF membrane surface.
b

a

Figure 3-10. AFM surface profile of a virgin (a) and a modified (5 BLs) (b) UF membrane.
The effect of membrane modification on surface charge is of importance particularly when
the organic fouling of membranes is considered (Bera et al. 2018, Firouzjaei et al. 2018). Zeta
potential (ZP) measurements exhibited that the modified membrane became markedly more
negatively charged (over the range of pH tested) compared to the virgin membrane (Figure 3-11).
The increased negative charge on the modified membrane is likely due to the deposited PAA as
the top layer of the BLs, rendering the membrane’s antifouling property as a result of electrostatic
repulsion between the membrane and foulants as discussed later. The ZP was relatively steady
over pH 7 to 8.5—the pH range typically practiced/maintained during water treatment, implying
that the PAH/PAA coating were also stable in this range.
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Figure 3-11. Zeta potential of virgin and functionalized UF membrane surfaces as a
function of pH
AgPNP Stability Within PAH/PAA Layers
A custom needle type Ag+ microsensor was used to measure the concentration of Ag+ in situ
near the membrane surface under flow condition. With a very small tip diameter (20 µm), the sensor
was applied to generate a concentration microprofile to provide mechanistic information on the
release of Ag+ that cannot be obtained from bulk-scale measurements. In this study, the concentration
gradients of Ag+ diffusion from a membrane with stabilized AgPNP was compared with that infused
with Ag+, but not converted to stable AgPNP (Figure 3-12).
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Figure 3-12. Microprofiling of Ag+ on and near functionalized UF membrane surfaces
using Ag+ micro-ISE.
The Ag+ microprofiles demonstrated the release of Ag+ from the Ag+ infused membranes but
not from the AgPNP decorated membranes. The linear increase in Ag+ concentration approaching
the surface of the Ag+ infused membrane indicated that the release of Ag+ occurred through a
diffusive process. Using Fick’s law, the Ag+ flux from the membrane at pH 7 and pH 6 was
calculated to be 3.18×10-7 mg cm-2 sec-1 and 4.07×10-7 mg cm-2 sec-1, respectively. At this rate, the
release of Ag+ into the environment could cause adverse impacts. The EPA regulates silver to less
than 0.1 mg L-1 under the secondary drinking water standards of the Safe Drinking Water Act.
Therefore, it is imperative that Ag+ is stabilized within the PAH/PAA layers of the membrane to
avoid regulatory issues. For the samples with Ag+ converted to stable AgPNP, that were immobilized
within the PAH/PAA bilayers, Ag+ measurements by the micro-ISE were below the detection limits
(0.1 mg L-1) for all measured distances above the membrane surface, confirming the formation and
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immobilization of stable AgPNPs within the PAH/PAA layers. Furthermore, the final layer of the
PAH/PAA BLs showed no influence on AgPNP immobilization since Ag+ concentrations were
below micro-ISE detection limit for both the cases when PAA or PAH was deposited as the final
layer (Figure 3-12). When tested under pressure-driven filtration condition, the Ag+ concentrations
in the feed and permeate samples collected following 48 h filtration were below the detection limit
of ICP (0.005 mg L-1), indicating that the membrane samples with stable AgPNP allowed negligible
Ag leaching during pressure-driven filtration.
Conclusions
UF membranes were functionalized by immobilizing AgPNP within PAH/PAA bilayers.
This study reveals that the expected membrane flux enhancement due to PAH/PAA
functionalization depends on a combined effect of PAH/PAA-derived hydrophilicity, roughness
reduction and surface and pore coverage by the stable BLs tightening the membrane. Hence, an
optimum number of BLs (5 BLs in the current study) must be applied to ensure that the resulting
permeability is not offset by the hindrance from BL deposition. The functionalization was
successful in rendering improved size rejection and porosity to the membrane. The PEG rejection
studies indicated that the membrane modification resulted in an improved of MWCO from 2244
Da to 1141 Da. The SEM images indicated the presence of AgPNP, which was confirmed by the
EDS scans. Microprofile measurements on and near membrane surfaces using a customized solid
contact Ag micro-ISE as well as post-filtration ICP analysis demonstrated that AgPNP were
effectively immobilized within the crosslinked PAH/PAA bilayers.
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CHAPTER FOUR: EFFECT OF PEBL-AgPNP MODIFICATION ON
FOULING RESISTANCE AND ANTI-MICROBIAL PROPERTY OF
ULTRAFILTRATION MEMBRANES

A version of this chapter was previously published as Olimattel, Kunal, et al. "Enhanced
Fouling Resistance and Antimicrobial Property of Ultrafiltration Membranes Via
Polyelectrolyte-Assisted Silver Phosphate Nanoparticle Immobilization." Membranes 10.10
(2020): 293.

Abstract
Ultrafiltration (UF) is a low-pressure membrane that yields higher permeate flux and saves
significant operating costs compared to high-pressure membranes. However, there is a lack of
studies addressing the combined enhancement of anti-organic and biofouling properties of UF
membranes. This study investigated the fouling resistance and antimicrobial property of a UF
membrane due to silver phosphate nanoparticle (AgPNP) embedded polyelectrolyte (PE)
functionalization. Negatively charged polyacrylic acid (PAA) and positively charged
polyallylamine hydrochloride (PAH) were deposited on the membrane using a fluidic layer-bylayer assembly technique. AgPNP were immobilized within the crosslinked “bilayers” (BL) of
PAH/PAA. When fouled by a model organic foulant (humic acid), the functionalized membrane
exhibited a lower flux decline and a greater flux recovery due to the combined effect of reduced
surface roughness and improved electrostatic repulsion, when compared to the unmodified
membrane. The functionalization rendered antimicrobial property as indicated by less
attachment of bacteria that would have initiated the formation of biofilms leading to biofouling.
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Introduction
Membrane fouling may result from an accumulation of filtered organic and inorganic
materials, and biofilms on the membrane surface and within the pore walls, causing a loss of flux
over time. The fouling may be temporary if flux can be recovered by cleaning the surface.
Otherwise, the membrane would be fouled ‘irreversibly’. Recently, considerable attention has been
given to surface modification of membranes to tackle the issue of fouling (Reddy et al. 2003, Zhou
et al. 2009, Rana and Matsuura 2010, Razmjou et al. 2011, Kochkodan and Hilal 2015, Lv et al.
2015, Saqib and Aljundi 2016). Considering how the membrane surface serves as an ‘active layer’
in the filtration process, the choice by researchers to explore surface modifications to achieve antifouling membranes has become apparent. Recent studies aimed at modifying membrane surfaces
using nanoparticles (NPs) (Chung et al. 2012, Tian et al. 2012, Lee et al. 2013, Huang et al. 2015,
Ji et al. 2016), thin-film nanocomposites (TFN) (Safarpour et al. 2015, Dong et al. 2016), and
biologically inspired membranes (Yin et al. 2012, Wang et al. 2015, Yin et al. 2016) have
demonstrated promising improvements in anti-fouling performance. Among various membrane
modification techniques, producing polyelectrolyte (PE) multilayers through layer-by-layer (LBL)
molecular-level adsorption of polymers is a well-established methodology that results in conformal
thin film coatings with precisely tuned physical and chemical functionalities (Decher 1997, Shi et
al. 2004, Bruening et al. 2008, Lichter et al. 2009, DeRocher et al. 2010, Gribova et al. 2012, Zhai
2013, Joseph et al. 2014). A sequential deposition of materials during the LBL technique facilitates
intermolecular interactions including electrostatic interactions (Zhai et al. 2006, Bravo et al. 2007),
hydrogen bonding (Kharlampieva and Sukhishvili 2004, Beaman et al. 2012, Cho et al. 2015, Lee
2016), and metal complexation (Mentbayeva et al. 2012, Rahim et al. 2012, Huang et al. 2013).
The LBL technique is often chosen because of its ability to generate chemically stable ultra-thin
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films, and flexibility with respect to the coating thickness and surface charge (Mallwitz and
Laschewsky 2005, Adusumilli 2010). These coatings have been shown to be superhydrophilic—a
major reason for these being used to coat the surface of the membrane (Zhai et al. 2004, Chunder
et al. 2009).
The incorporation of engineered nanomaterials including carbon-based materials, metal
oxides, and metals in polymeric membranes has been demonstrated as promising ways to mitigate
membrane fouling (Hoek et al. 2011, Daraei et al. 2012, Alpatova et al. 2013, Liu et al. 2013, Wu
et al. 2014). Nanocomposite membranes embedded with silver nanoparticles (AgNPs) have shown
enhanced anti-adhesive properties, reduced bacterial cell density on membrane surfaces (Zodrow
et al. 2009, Liu et al. 2013), and improved anti-biofouling performance (Zodrow et al. 2009, Zhu
et al. 2010, Liu et al. 2013). The antibacterial mechanism of AgNPs can be explained mainly in
two ways. The first is through the release of Ag ions that bind with chemicals in the cell, which in
turn disrupt vital metabolic processes killing the bacterial cell. The second mechanism involves
damaging the microbial cell wall through the action of reactive oxygen species (ROS) and
subsequent osmotic collapse (Zodrow et al. 2009, Pendergast and Hoek 2011, Mohmood et al.
2013). Nevertheless, the integration of AgNPs with polymeric membranes and determining the
stability of the integrated particles under pressure-driven filtration remain challenging tasks.
When considering membrane functionalization aimed at fouling mitigation, most studies have
demonstrated the improvement of a specific membrane property, which might have been
compromised with the membrane’s solute retention capability. Very few studies (Bera et al. 2018,
Firouzjaei et al. 2018) have addressed the combined improvement of anti-organic and biofouling
properties, and there is a lack of studies comprehending the altered mechanisms of fouling as a
result of membrane modification, more specifically, in the case low-pressure polymeric
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membranes. In a recent work, Firouzjaei et al. (2018), incorporated graphene oxide and Ag-based
nanomaterials into thin-film nanocomposite membranes to improve their antifouling and antibiofouling properties; however, the performance evaluation was conducted under forward osmosis
mode rather than under pressure-driven conditions. Accordingly, the stability of the embedded
nanoparticles was not demonstrated under pressure-driven conditions. Another attempt to improve
anti-biofouling and anti-organic fouling properties was focused on removing heavy metal ions by
a nanofiltration (NF) membrane that was fabricated in the laboratory through interfacial
polymerization (IP) between poly(piperazineamide) and trimesoyl chloride, followed by
immobilization of AgNPs (Bera et al. 2018). However, the approach used in this study was to
functionalize an ultrafiltration (UF) membrane—a low-pressure (40–1000 kPa) membrane that
yields higher permeate flux and saves significant operating costs compared to NF and reverse
osmosis (RO) (Lin et al. 1999)—to equip it with enhanced anti-organic fouling and antimicrobial
properties. Unlike the previous studies, the LBL membrane coating performed in this research
follows a fluidic method using a cross-flow filtration setup to force the polyelectrolyte complex
into the support structure and to ensure better uniformity of surface coverage of the coating (Hilal
et al. 2015, Richardson et al. 2016).
This study investigated the mechanisms of fouling resistance and antimicrobial property
of a UF membrane functionalized via polyelectrolyte (PE)-assisted AgPNP immobilization. PE
multilayer films were first deposited on the membrane using a fluidic LBL technique and then
crosslinked, followed by embedding the AgPNP within the PE coatings. It was hypothesized that
such a functionally engineered membrane would exhibit enhanced fouling resistance due to the
synergistic effects of surface charge enhancement, reduction of surface roughness, improved
hydrophilicity, as well as antimicrobial properties.
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Materials and Methods
Materials and reagents
Polyacrylic acid (PAA) (Acros Organics), 25 wt.% solution in water and polyallylamine
hydrochloride (PAH) (Alfa Aesar™), procured in solid powder form, were used to form the PE
coatings. 1-ethyl-3-(3-dimethylamionopropyl) carbodiimide (EDAC) (Acros Organics™) was used
as a crosslinking catalyst in the coating process. Silver acetate (AgC2H3O2) (99% pure analyte from
Acros Organics™ ) and sodium hydrogen phosphate (Na2HPO4) (certified ACS) were used to form
AgPNP in the coatings. Humic acid (HA) sodium salt (50-60% as humic acid, Alfa Aesar, MA) was
the model natural organic matter (NOM) that was used in the fouling tests. The antimicrobial
property of the membrane was probed using E. coli (ATCC 15597). Tryptic soy broth (TPB) and
tryptic soy agar (TPA) (Becton & Dickinson, Sparks, MD) were used to grow the bacterial cultures
and as the plating medium, respectively.
Membrane functionalization
A commercially available UF membrane (UA60, Trisep) was used in this study. This is a
piperazine-based thin-film composite membrane that falls within the range between a “tight” UF and
a “loose” NF membrane with a pore size distribution in the range of 1,000 Daltons (MICRODYNNADIR GmbH 2019). The deposition of negatively charged PAA and positively charged PAH
coatings on membranes was performed by a fluidic method as described in Chapter 3. Table 4-1
summarizes the reagents and conditions used to prepare the PAH/PAA/AgPNP-functionalized
membranes.
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Table 4-1. Summary of reagents used for membrane functionalization.
Reagent

Manufacturer

Concentration

pH

Cycle time

PAH

Alfa Aesar™

0.01 M

3.5

2 minutes

PAA

Acros Organics™

0.01 M

3.5

2 minutes

EDAC

Acros Organics™

0.5%

3

12 hours

AgC2H3O2

Acros Organics™

0.005 M

No adjustment

12 hours

Na2HPO4

Fisher Chemical™

0.2 M

No adjustment

12 hours

Fouling protocol and evaluation of anti-fouling performance
Experimental setup consisted of three parallelly connected cross-flow membrane cells (model:
CF042A, Sterlitech, Kent, WA), feedwater delivery pump, flow control valves, feed and concentrate
pressure gauges, flow meters, chiller/heater (for temperature control), and storage tanks as described
previously in Chapter three (Figure 3-2). Flat-sheet membrane coupons were compacted in the
filtration cells with a 42-cm2 effective membrane area by circulating DI water for 4 h. The pressure
was then adjusted to 80 psi and the pure water flux (F1) of the virgin membrane was determined by
filtering DI water for 12 h. To determine anti-fouling performance of the modified membrane, the
feedwater was spiked with 10 mg L-1 of commercially available humic acid (HA) and filtration
experiments were conducted using virgin and PAH/PAA/AgPNP-functionalized membranes. For
the fouling run, the flux (FHA) was measured after circulating the HA-spiked feedwater for 12 h. The
concentrations of HA in the feed and permeate samples were measured using ultraviolet absorbance
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at 254 nm wavelength (UVA254). After cleaning the system with DI water, the post fouling flux (F2)
was determined through a DI water filtration run (Eq. 4-1 – 4-4).
%Flux decline (% FD) = (1-FHA/F1) × 100%

(4-1)

%Flux Recovery (% FR) = (F2/F1) × 100%

(4-2)

%Reversible flux decline (% RFD) = [(F2-FHA)/F1] × 100%

(4-3)

%Irreversible flux decline (% IrFD) = [(F1-F2)/F1] × 100%

(4-4)

The PAH/PAA/AgPNP-functionalized membrane was further evaluated for its antimicrobial
property. Modified and virgin membrane coupons with 2 cm diameter were immersed in 20 mL of
bacterial suspension inoculated with E. Coli, which was previously cultured to log phase in TPB.
The samples were continuously stirred at 200 rpm to avoid settling of the bacterial suspension.
Samples were taken at the beginning of the test and after 24 h, serially diluted (100; 10-2; 10-4; 10-6)
and plated in triplicate on sterile TPA plates and incubated at 35 °C for 24 h, before counting the
bacterial colonies. Plate counts (CFU mL-1) were reported using the least dilute sample in the range
of 30–300. The bacterial adhesion to the membrane surface was examined using SEM. Prior to
scanning, the samples were prepared by immersing in a 3% v/v glutaraldehyde solution for 5 h at 4
C, then dehydrated in ethanol and dried in air.
A WITEC Alpha300 Raman Analyser was utilized to compare the Raman spectra of surfaces
of the virgin and modified membrane samples that were exposed to the E. Coli suspension. Bacterial
cells are made up of a number of proteins, lipids, nucleic acid and saccharides. Raman spectroscopy
produces unique responses based on the functional groups and their molecular vibration properties
present in these cells (Goodwin 2006, Nguyen 2017). Three different spots on each sample were
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selected and each spot was scanned 10 times. Thus, an average of 30 scans was used to generate the
average spectral response for each sample.
Effect of PEBL AgPNP Modification on Organic Fouling Resistance and Flux Recovery
The normalized flux (J/J0) at different stages of the fouling test is shown in Figure 9. The virgin
UF membrane showed a flux decline of 22.8 ± 8.8% in the presence of a model organic foulant,
humic acid (HA), and 74.4 ± 16.1% of the original flux was recovered after cleaning. In contrast, the
modified membrane showed a lower flux decline (13.8 ± 12%) and a greater flux recovery (86.2 ±
12%) compared to the virgin membrane. Hence, the overall flux decline by the functionalized UF
membrane after 36 h was approximately 20%, whereas that for the unmodified commercial
membrane was around 34%. The electrostatic repulsion resulting from increased surface negative
charge upon PE functionalization, as indicated by the ZP measurements (Figure 3-11), likely caused
‘loose’ foulant layer(s), thereby contributing to the ‘reversibility’ of flux. In comparison, when
filtering HA-spiked feedwater, the unmodified membrane’s flux continued to decline even after
cleaning (Figure 4-3). A summary of the fouling test results have been included in Appendix A.

Figure 4-1. Normalized flux as a function of pressure during different stages of fouling test.
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Effect of AgPNP PEBL Modification on Antimicrobial Property
The virgin and modified UF membrane samples were exposed to a log phase bacterial
suspension for 24 h. The average plate count for the AgPNP functionalized membrane was 8000
CFU mL-1 while that for the virgin UF membrane was 33,000 CFU mL-1 (Figure 4-4). Furthermore,
the SEM image of the surface of the virgin membrane showed the presence of rod-shaped bacteria
(Figure 4-5a), which were not observed on the AgPNP embedded membrane surface. The visible
particles (Figure 4-5b) on the modified membrane resembled the immobilized AgPNP that were
shown in Figure 3-8c. This clearly demonstrates that the PAH/PAA BL assisted AgPNP
immobilization imparted antimicrobial property to the UF membrane, implying less activity (Dakal
et al. 2016) and attachment of microorganisms that initiate the multi-step process of biofilm
formation on the membrane surface (Ahmad et al. 2019). A previous study by Liu et al. (Liu et al.
2010) who tested an Ag-loaded chitosan/cellulose acetate blended membrane, suggested that
functionalizing an anti-adhesive membrane surface with anti-microbial property was an effective
way of providing anti-biofouling performance when compared to the approach of killing/inactivating
the bacteria after attachment to the membrane surface.

72

a

b

c

d

Figure 4-2. Plate counts (E. Coli) on a virgin UF membrane at time (t) = 0 h (a) and at t =
24 h (b); plate counts on 5 AgPNP-BL UF membrane at time = 0 h (c) and at time = 24 h
(d).

Figure 4-3. SEM images of membrane surface after 24 h exposure to E. Coli: (a) virgin UF
and (b) 5 AgPNP-BL UF membrane.
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The Raman spectroscopic study of the membranes further demonstrates that the virgin UF
membrane had bacterial biomass attached/deposited on the surface (Figure 4-6). Bio-molecular
components (DNA, nucleic acids, mono and di-saccharides and proteins) typical of E. Coli cells
were identified on the surface of the virgin UF membrane sample that was exposed to the bacterial
solution, confirming the accumulation of E. Coli in the absence of AgPNP. In the case of the AgPNPmodified membrane, the Raman spectra did not exhibit much variations before and after E. Coli
exposure, implying that the AgPNP hinder the activity and attachment of E. Coli on the surface. This
agrees with the plate counts from the static bacterial adhesion tests discussed above.

Figure 4-4. Raman spectra of membrane surface after 24 h exposure to E. Coli for virgin
(a) and 5 AgPNP-BL UF (b) membranes.
Conclusions
UF membranes were functionalized by immobilizing AgPNP within PAH/PAA bilayers,
rendering anti-organic fouling and antimicrobial properties to the membrane. Microprofile
measurements on and near membrane surfaces using a customized solid contact Ag micro-ISE as
well as post-filtration ICP analysis demonstrated that AgPNP were effectively immobilized within
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the crosslinked PAH/PAA bilayers. When fouled by humic acid, the functionalized UF membrane
exhibited a lower flux decline and a greater flux recovery when compared to the unmodified
commercial membrane, likely due to the electrostatic repulsion imparted by PAA of the deposited
BL. SEM studies, E. Coli plate counts, and Raman spectroscopic studies confirmed that the
PAH/PAA-assisted AgPNP immobilization provided antimicrobial property to the UF membrane
and caused less attachment of microorganisms that would have initiated the formation of biofilms
ultimately leading to biofouling.
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CHAPTER FIVE: REMOVAL OF PFOA AND PFOS USING
POLYELECTROLYTE MODIFIED ULTRAFILTRATION MEMBANES

Abstract
This study investigated the effect of PE functionalization of UF membrane on the removal of
PFOA and PFOS. The effects of selected water matrix components (HA and cations) on PFOA
and PFOS removals were also investigated when using the functionalized membrane. When
compared to the unmodified membrane, PFOA and PFOS removals by the modified UF
membrane increased from 20 to 50% and from 22 to 52%, respectively. The approximately 30%
increased removal of both PFOA and PFOS may be attributed mainly to the size exclusion
mechanism. While the presence of only HA did not influence the removal of PFOA and PFOS
significantly, the coexistence of HA and cations in water resulted in significant increase in the
rejection of both the PFASs. This can be attributed to the enhanced size exclusion of PFOS/AHA-cation complexes.
Introduction
Perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS) belong to a class
of emerging contaminants known as per and polyfluoroalkyl substances (PFASs). PFOA and
PFOS are versatile chemically resistant materials, which have been used for more than five decades
in the production of a wide variety of consumer and industrial products including water and stainrepellents coatings, fire-fighting foams, metal-plating, cleaning and lubricating agents, pesticides,
medical aids, plastics and other products for personal and domestic sanitization (Rahman et al.
2014, ATSDR 2015, Richardson and Kimura 2016). PFOA and PFOS have been detected in
streams and rivers (Kolpin et al. 2004, Stackelberg et al. 2004, Daneshvar et al. 2012), surface
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water sources (Servos et al. 2007, Benotti et al. 2009, Padhye et al. 2013), wastewater treatment
plant effluents that are discharged upstream of drinking water treatment plant intakes (Chen et al.
2006, Lishman et al. 2006), and finished drinking waters (Benotti et al. 2009, Rodil et al. 2012,
Padhye et al. 2013).
PFOA and PFOS have been reported to be found in wildlife and humans (Suja et al. 2009,
Nøst et al. 2014, Zhang et al. 2019). PFOA and PFOS has been found in the tissue samples of polar
bears from Greenland (Smithwick et al. 2005, Greaves and Letcher 2013). These compounds can
bioaccumulate and bio-magnify in the food chain causing even more species to be exposed.
Recently, the effects of long-term human exposure to trace levels of PFOA/S have drawn
significant research attention (Chang et al. 2016). There have been numerous studies which have
shown how humans are also exposed to PFOA and PFOS through food and food packaging
(Papadopoulou et al. 2017), packaging and even household dust (Tian et al. 2016, Sunderland et
al. 2019). In February 2020, the United States Environmental Protection Agency (USEPA)
announced that it had selected PFOA and PFOS for future regulation. The EPA as part of the Fifth
Unregulated Contaminants Monitoring Rule (UCMR 5) nominated PFOA, PFOS and 27 other
PFASs to be monitored in public water systems from January 2023 through December 2025.
Membrane processes including nanofiltration (NF) and reverse osmosis (RO) have been
shown to be effective in removing PFOA and PFOS (Tang et al. 2007, Steinle-Darling and
Reinhard 2008, Thompson et al. 2011, Hang et al. 2015). However, such processes require high
pressure and are also subject to fouling, which negatively impact membrane performance (Hong
and Elimelech 1997, Rana and Matsuura 2010). In the effort to advance the membrane treatment
process researchers have found ways to improve the selectivity for certain pollutants, anti-fouling
properties (Kochkodan and Hilal 2015) and structural properties of membranes. There have been
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recent attempts to produce modified membranes with enhancements, which imparted
photocatalytic effects (Petronella et al. 2017), adsorptive properties (Unuabonah and Taubert
2014) and/or capablities of degrading selected pollutants (Zhao et al. 2013, Hou et al. 2014,
Kochkodan and Hilal 2015, Muppalla et al. 2015). Among various membrane

modification

techniques, producing PE multilayers through layer-by-layer (LBL) molecular-level adsorption of
polymers is a methodology that results in conformal thin film coatings with precisely tuned
physical and chemical functionalities (Decher 1997, Shi et al. 2004, Bruening et al. 2008, Lichter
et al. 2009, DeRocher et al. 2010, Gribova et al. 2012, Zhai 2013, Joseph et al. 2014). The PE
layers will also facilitate the inclusion of nanofillers and impart added reactive properties (Dai and
Bruening 2002, Srivastava and Kotov 2008).
The previous chapters demonstrated a fluidic method of LBL layer-by-layer (LBL)
deposition of PE coatings with embedded AgPNP on a UF membrane, enhancing its fouling
resistance and antimicrobial properties. The functionalized membrane exhibited a lower flux
decline and a greater flux recovery (Olimattel et al. 2020). In this study, such a functionalized UF
membrane was applied in the removal of PFOA and PFOS from water and determined its removal
efficiency. This study investigated the PFAS removal due to membrane functionalization and the
effect of source water composition on the removal of selected PFAS.
Materials and Methods
Materials and Reagents
Polyacrylic acid (PAA) (Acros Organics), 25 wt.% solution in water and polyallylamine
hydrochloride (PAH) (Alfa Aesar™), procured in solid powder form, were used to form the PE
coatings. 1-ethyl-3-(3-dimethylamionopropyl) carbodiimide (EDAC) (Acros Organics™) was
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used as a crosslinking catalyst in the coating process. Silver acetate (AgC2H3O2) (99% pure
analyte from Acros Organics™ ) and sodium hydrogen phosphate (Na2HPO4) (certified ACS) were
used to form AgPNP in the coatings. Humic acid (HA) sodium salt (50-60% as humic acid, Alfa
Aesar, MA). Polyethylene glycol of different molecular weight were used to characterize
membrane size rejection. PEG 400, 600, 1000 (Alfa Aesar, MA) and PEG 1500 (Acros
Organics™). Calcium chloride (CaCl2) (Acros Organics™) and magnesium chloride Anhydrous
99% (MgCl2) (Alfa Aesar, MA). PFOA and PFOS stock solution (100 μg mL-1 in methanol)
(AccuStandard, CT). 0.1 M hydrochloric acid or sodium hydroxide solution was used to adjust
the feed solution pH.
Membrane functionalization
A commercially available UF membrane (UA60, Trisep) was used in this study. This is a
piperazine-based thin-film composite membrane that falls within the range between a “tight” UF and
a “loose” NF membrane with a pore size distribution in the range of 1,000 Daltons (MICRODYNNADIR GmbH 2019). The deposition of negatively charged PAA and positively charged PAH
coatings on membranes was performed by a fluidic method as described in Chapter 3. As
demonstrated in the finding of the previous chapter, a 5 PEBL AgPNP UF membrane was shown
to possess adequate hydrophilicity, roughness, surface charge, permeability and anti-fouling
properties (Olimattel et al. 2020). For this study, experiments were conducted using this 5 PEBL
AgPNP UF membranes.
Determining the effect of PE modification on PFOA and PFOS removal
To test the effect of the improved size rejection of membrane functionalization on PFOA/S
removal by the modified membrane, the MWCO equations for the virgin UF membrane (Eq. 3-4)
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and for the functionalized UF membrane (Eq. 3-5) from chapter 3 were used to predict their
respective removals for PFOA (MW = 414 g/mol) and PFOS (MW = 499 g/mol). The predicted
removal values for the virgin UF membrane was approximately 18% for PFOA and 26% for PFOS.
The functionalized UF membrane was predicted to reject 49% of PFOA and 55% of PFOS from
the feed. These estimated values were examined for validity by comparing them to the
experimentally determined removal values of PFOA and PFOS. PFOA/S removal by the
functionalized UF membrane was compared with those by the virgin UF membrane using the
filtration experimental setup described in chapters 3 and 4 (Figure 4-2). The membrane coupons
were first compacted at 100 psi for 4 h and then the feedwater was introduced, and the pressure
was set to 80 psi. for the duration of the rejection experiments. PFOA and PFOS were spiked in
DI water at an approximate concentration of 5 μg L-1 to 10 μg L-1. Blank runs were performed to
determine if the membranes or the components of the bench-scale setup leached any of the tested
PFAS. The feed was adjusted to pH 7 using HCl/NaOH, and temperature was set to 20 °C at the
start of the test, these parameters were also checked at the end of the experiment to test for
variations.
PFOA and PFOS analysis using LC-MS/MS
The concentrations of PFOA and PFOS in water samples will be determined by using a
solid phase extraction (SPE) and liquid chromatography - tandem mass spectrometry (LCMS/MS) method, adapted from the EPA Method 537 (USEPA 2009). The LC-MS/MS method
will be customized to be applied on a Thermo Scientific Accela High Speed LC/TSQ Quantum
Access MAX mass spectrometer system with an Ion Max source (Thermo Fisher Scientific, San
Jose, CA). The LC-MS conditions are detailed in Table 5-1.

85

Table 5-1. LC-MS/MS conditions for PFOA and PFOS analysis.
Parameter

Conditions

System

TSQ Quantum Access MAX LC-MS/MS system with an
Ultimate 3000 series autosampler, pump, and column heater.
Syncronis-C18 analytical column
(2.1 mm ID × 50 mm, 2.6-µm particle size)
10 μL
0.275 mL min-1
35 °C (Nominal)
A: 10 mM ammonium acetate in LC-MS water
B: methanol
Time (min)
A (%)
B (%)
Flow (mL/min)
0
60
40
0.275
1
60
40
0.275
1.5
5
95
0.275
5.0
5
95
0.275
5.1
60
40
0.275
6.0
60
40
0.275
Polarity
Negative ion
Capillary needle voltage
3 kV
Capillary temperature
200 °C
Auxillary Gas Pressure
10 Arb
Sheath Gas Pressure
15 Arb
Collision Gas Pressure
1.5 Torr
Vaporizer Temperature
0 °C
Ion Sweep Gas Pressure
0 Arb

Column
Injection volume
Flow rate
Column temperature
Mobile phase
LC method conditions

Electrospray ionization
(ESI) conditions

A 50-mL sample was passed through SPE cartridges containing Oasis WAX mixed-mode
sorbent to extract the method analytes. The analytes were eluted from the solid phase with a small
amount of methanol. The extract was then concentrated to dryness with nitrogen in a heated water
bath, and then adjusted to a 1 mL volume with 96:4% (vol/vol) methanol:water. The extracts were
collected in 300 μL polypropylene vial inserts placed in 2 mL threaded polypropylene
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autosampler vials with polypropylene caps. A 10-μL injection was made into an LC equipped
with a C18 column that is interfaced to an MS/MS. The mobile phase solvents A (10 mM
ammonium acetate in LC-MS Water) and B (100% methanol) were applied at a flow rate of 0.275
mL min-1. The analytes were separated and identified by comparing the acquired mass spectra
and retention times to reference spectra and retention times for calibration standards acquired
under identical LC/MS/MS conditions. The minimum reporting level for PFOA was 25 ng mL-1
and the detection limit for PFOS was 50 ng mL-1.
Statistical analysis of significance of differences in PFOS/A removal efficiencies
To test for a significant change in PFOA and PFOS removal due to the PEBL AgPNP
modification the mean removals of the Virgin and the 5 PEBL AgPNP membranes were compared
using a one-factor analysis of variance (ANOVA) followed by Tukey’s Honestly Significant
Difference (HSD) post-hoc test. When compared to the Student’s t test, the Tukey’s HSD posthoc test is calculated using a more conservative Studentized range distribution which is less likely
to result in Type 1 error or false positive (King and Minium 2008). The HSD at 95% confidence
level (α = 0.05) was calculated using equation (5-1)

MSE

HSD = q 0.05[k,df] √

(5-1)

n

Where q is the Studentized range critical value, k is the number of factor levels, df is the
degrees of freedom for error, n is the number of replicates, and MSE is the mean squared error.
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Determining the effect of feed water matrix on PFOA and PFOS removal
To understand the specific impact of natural organic matter (NOM), the feedwater was
spiked with commercially available humic acid (HA) at 5 mg L-1 and 10 mg L-1 and rejection
experiments were conducted using the functionalized UF membrane. The role of cations on
PFOA/S removal was investigated by adding Ca2+ and Mg2+ in the feedwater at 1 mM and 2 mM
along with 10 mg L-1 HA to discern the PFOA/S-HA-cation-membrane interactions when using
functionalized UF membranes. The significance of the observed changes in PFOA and PFOS
removal were determined using the Tukey HSD test as mentioned previously. Table 5-2 lists the
different feedwaters tested and Table 5-3 the pairs compared for a significant change in mean
removal for PFOA and PFOS.
Table 5-2. Feedwaters tested for PFOA and PFOS removal.
Experiment number

Feed

Naming convention

1

DI water

DI

2

5 mg L-1 HA

HA

3

10 mg L-1 HA

HA+

4

10 mg L-1 HA + 1mM Cations

HACAT

5

10 mg L-1 HA + 2mM Cations

HACAT+
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Table 5-3. Feedwaters compared for change in PFOA and PFOS removal.
Comparison between
Test No.

Effect on PFOA/S removal due to
Feed 1

Feed 2

1

DI

HA

HA

2

DI

HA+

HA

3

DI

HACAT

HA and Cations

4

DI

HACAT+

HA and Cations

5

HA

HA+

Rise in HA concentration

6

HACAT

HACAT+

Rise in Cation concentration

Effect of PE Modification on PFOA and PFOS Removal
As a result of PE functionalization of the UF membrane, the removal of PFOA increased
by approximately 30%. The virgin UF membrane exhibited PFOA and PFOS rejection of 20.6 ±
6.9% and 21.8 ± 11.6%, respectively. The rejection of PFOA and PFOS by the functionalized UF
membrane increased to 50.4 ± 9.5% and 52.1 ± 10.2%, respectively (Figure 5-1). These were
supported by the results from the PEG rejection experiments, which revealed an enhancement in
size exclusion properties due to the membrane functionalization (Figure 3-7). The results of the
Tukey’s HSD test indicate that for both contaminants, the change in rejection due to the membrane
functionalization, was found to be significant (at 95% confidence).
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The rejections of PEG (MW = 400), PFOA (MW = 414), and PFOS (MW = 499), plotted in
Figure 5-1, demonstrate the role of MW (i.e., size exclusion) in membrane rejection of the target
compounds. As expected, PEG 400 showed lower rejections (11 to 42%) by both the unmodified
and functionalized membranes compared to the larger molecules of PFOA (21 to 50%) and PFOS
(22 to 52%). In similar work with a PAH/PAA bilayer coated NF hollow-fiber membranes Ilyas
et al. (2017) suggested that the rejection mechanism of micro-pollutants was found to be dominated
by size or steric exclusion. The higher molecular weight contaminants like Bezafibrate showed
removal values in the 75 – 80% range while the lower molecular weight Atrazine showed 40 –
60% removal. In this study, the experimentally determined rejection for PFOA was marginally
higher than the predicted value for the virgin membrane (21 % vs 18%) and the functionalized UF
membrane and (50% vs 49%). In case of PFOS, the experimentally determined values were
marginally lower than the predicted values i.e., 22 % vs 26% for the virgin UF membrane and 52%
vs 55% for the functionalized UF membrane.
70%

60%

% Rejection with Functionalized UF
% Rejection with Virgin UF

% Rejection

50%
40%
30%
20%
10%
0%
PEG MW = 400

PFOA MW = 413

PFOS MW = 499

Figure 5-1. Rejection of PEG 400 and PFOA/S for virgin UF and functionalized UF
membrane.
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The predicted values of PFOA removal for the virgin UF membrane were 15% below the
experimental value and for PFOS the predicted values were 17.6% above the experimental value.
The functionalized UF showed much lower variation between the predicted and experimental
removal values. PFOA removal was 2.2% lower than the experimental value while PFOS removal
was 6.2% higher.
Effect of Water Matrix on PFOA/PFOS Removal of PEBL AgPNP UF Membrane
The rejection of PFOA in the tested water matrices ranged from 50 to 70% (Figure 5-2).
Detailed results are included in Appendix A. The presence of humic acid (HA) in the feed led to
slightly higher rejection of PFOA (by approximately 7%) and approximately 10% higher rejection
of PFOS, although, the results from the Tukey HSD post hoc test indicate that this changes in
rejection were not statistically significant. The coexistence of cations and HA in the feed increased
the rejection of PFOA from 50 ± 9% to 69 ± 10%. However, further increase in the cation
concentration (i.e., from 1 mM to 2 mM) had no apparent effect on PFOA rejection. The increase
in PFOA rejection due to the coexistence of HA and cations in the feed, when compared to feed
with DI only, was found to be statistically significant (Table 5-4).

100%

% Rejection

80%

PFOA Rejection

60%
40%
20%
0%
DI

HA

HA+

HACAT

HACAT+

Figure 5-2. Comparison of PFOA rejections from different feed waters.
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100%

% Rejection

80%

PFOS Rejection

60%
40%
20%
0%
DI

HA

HA+

HACAT

HACAT+

Figure 5-3. Comparison of PFOS rejections from different feed waters.
While the presence of cations at the lower concentration (1 mM) in addition to HA did not
result in any significant difference in the rejection of PFOS when compared to the DI water,
doubling the concentration of cations (2 mM) led to significantly higher rejection (Table 5-4) of
PFOS (up to 18% higher compared to DI and other water matrices containing HA and cations [1
mM]). A 14% increase in PFOS rejection was observed when comparing 10 mg/L HA+2 mM
cation vs. 10 mg/L HA+1 mM. This increase in PFOS rejection due to doubling the cation
concentration (i.e., from 1 to 2 mM) was found to be statistically significant at 94.8% confidence
interval. Zhao et al. (2016, 2018, 2020) after conducting multiple studies investigating the impact
of interactions of HA, Ca2+, and Mg2+ on PFOS rejection using NF membranes, suggested that the
presence of these constituents in the feed, depending on the type of interactions, may lead to the
formation of various complexes, resulting in the enhancement of PFOS removal due to size
exclusion by the NF membranes. When examining the specific interactions, the authors suggested
that the formation of PFOS-Ca-HA coordination would increase PFOS size leading to enhanced
sieving effect (Zhao et al. 2020). The presence of Mg2+ was also found to increase PFOS rejection
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by interacting with the PFOS molecules, HA, and the membrane itself (Zhao et al. 2016). Detailed
summary of the PFOA/S rejection data is included in Appendix A.

Table 5-4. Summary of Tukey’s HSD test: PFOA and PFOS rejections in different feed
waters.
Feed pairs tested

PFOS removal

(Significantly different @ 95%) (Significantly different @ 95%)

DI

HA

No

No

DI

HA+

No

No

DI

HACAT

Yes

Noa

DI

HACAT+

Yes

Yes

HA

HA+

No

No

No

No

HACAT HACAT+
a

PFOA removal

This difference is statistically significant at 94.8% confidence interval

Conclusions
In chapter 4, it was demonstrated that the PE functionalization of UF membrane reduced
its MWCO by approximately 38%. Based on the altered MWCO of the functionalized membrane,
it was predicted that the PFOA and PFOS rejections would be increased by approximately 31%
and 29%, respectively. In this chapter, it was demonstrated that the increase in the rejections of
PFOA and PFOS (approximately 30% increase for both) due to PE bilayer modification of the UF
membrane were consistent with those predicted from the reduction of MWCO. This indicates that
the enhanced removal of PFOS and PFOA by the PE modified membranes, when compared to the
unmodified UF membranes, was likely due to enhanced size exclusion mechanism. The presence
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of HA and cations in water resulted in significant increase in the rejection of PFOA and PFOS,
attributable to the enhanced size exclusion of PFOS/A-HA-cation complexes.
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CHAPTER SIX: SUMMARY, RECOMMENDATIONS AND FUTURE
OUTLOOK
The objective of this research was to investigate the effects of silver phosphate
nanoparticles (AgPNP) embedded PE functionalization of a UF membrane on its antifouling and
antimicrobial properties. Unlike the previous studies, a fluidic layer by PE deposition approach
was followed to modify the membranes in this research. It was hypothesized that such a
modification would yield a multi-functional membrane with improved selectivity without
compromising permeate flux. The functionalized membrane was further tested for the removal of
PFOA and PFOS. PFOS and PFA are the two CECs that most frequently represent the class of
PFAS for which EPA decided to move forward to the implementation of the national primary
drinking water regulation (NPDWR) development process.
Successful immobilization of AgPNPs within PAH/PAA bilayers were demonstrated in
Chapter 3. Microprofile measurements using a solid contact Ag micro-ISE as well as post-filtration
ICP analysis confirmed that AgPNP were effectively immobilized within the crosslinked
PAH/PAA bilayers. The PAH/PAA deposition rendered a smoother membrane surface when
compared to the unmodified membrane and upon stable and uniform deposition, the permeate flux
was governed by PAH/PAA-derived hydrophilicity and surface/pore. Membrane porosity and
MWCO were reduced by approximately 9% and 38%, respectively. The findings of the work
discussed in Chapter 3 suggest that an optimum number of bilayers must be applied to ensure that
the resulting permeability is not offset by the hindrance from the deposition of bilayers.
The effect of AgPNP embedded PAH/PAA functionalization on fouling resistance and
antimicrobial property of the UF membrane was investigated in Chapter 4. When fouled by humic
acid, the functionalized membrane exhibited a lower flux decline and a greater flux recovery due
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to the combined effect of reduced surface roughness and improved electrostatic repulsion, when
compared to the unmodified UF membrane. Furthermore, membrane functionalization rendered
antimicrobial property as indicated by less attachment of bacteria that would have initiated the
formation of biofilms leading to biofouling.
Finally, the effect of PE functionalization of UF membrane on the removal of PFOA and
PFOS, as a function of water matrices, were discussed in Chapter 5. PE functionalization was
observed to result in approximately 30% increased removal of both PFOA and PFOS. The findings
suggest that size exclusion was the dominant removal mechanism for PFOA and PFOS by the
functionalized membrane. While the presence of on HA did not influence the removal of PFOA
and PFOS significantly, the coexistence of HA and cations in water resulted in significant increase
in the rejection of both the PFASs. This can be attributed to the enhanced size exclusion of
PFOS/A-HA-cation complexes.
Future studies should investigate the specific role of AgPNPs in the removal of PFOA and
PFOS by the functionalized membranes. It should be investigated whether any degradation of
PFOS and PFOA may occur due to the presence of AgPNPs, and if so, what are those degradation
products. Other processes of PE coating should also be assessed. For instance, a spray coating
process may render a finer more uniform deposition of the PE coatings. The spray coating process
would also be easier to automate, which would allow for faster modification of membranes. In
addition, the effects of other water constituents as well as the natural water matrices on PFAS
removal should be determined. The evaluation of the AgPNP-PAH/PAA functionalized membrane
should be extended to other PFASs including the recently reported short-chain replacements for
PFOS and PFOA.
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APPENDIX A : SUPPLEMENTARY DATA
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Table A-1. Summary of Contact angle data.

No of

Contact

Standard

Standard

Confidence Interval

bilayers

Angle

Error

Deviation

(@95%)

0

34.04

2.18

4.88

6.07

1

19.55

1.45

3.25

4.03

3

43.03

1.29

2.89

3.59

5

31.92

0.95

2.11

2.62

7

19.36

1.96

4.38

5.44

10

17.48

1.95

4.36

5.42

Table A-2 (a). Summary of Virgin UF Pure Water Permeability data.

Pressure
(bar)

Replicate 1
Flux
(L/m2.hr)

Replicate 2
Flux
(L/m2.hr)

Replicate 3
Flux
(L/m2.hr)

Average
Flux
(L/m2.hr)

Standard
Deviation
Flux (L/m2.hr)

8.27

65.80

62.65

66.41

64.95

1.58

6.89

51.44

50.39

52.23

51.36

0.52

5.52

41.69

40.64

42.37

41.56

0.53

4.14

30.05

29.52

30.50

30.02

0.26

2.76

19.37

19.37

19.74

19.50

0.00
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Table A-2 (b). Summary of 1BL UF Pure Water Permeability data.

Pressure
(bar)

Replicate 1
Flux
(L/m2.hr)

Replicate 2
Flux
(L/m2.hr)

Replicate 3
Flux
(L/m2.hr)

Average
Flux
(L/m2.hr)

Standard
Deviation
Flux (L/m2.hr)

8.27

53.16

52.56

53.16

52.96

0.30

6.89

42.29

42.04

42.36

42.23

0.13

5.52

32.74

32.60

32.96

32.77

0.07

4.14

23.53

23.44

23.53

23.50

0.04

2.76

15.50

15.61

15.40

15.50

0.05

Table A-2 (c). Summary of 3BL UF Pure Water Permeability data.

Pressure
(bar)

Replicate 1
Flux
(L/m2.hr)

Replicate 2
Flux
(L/m2.hr)

Replicate 3
Flux
(L/m2.hr)

Average
Flux
(L/m2.hr)

Standard
Deviation
Flux (L/m2.hr)

8.27

81.94

83.15

75.82

80.30

3.21

6.89

66.46

68.53

62.14

65.71

2.66

5.52

51.47

52.74

47.53

50.58

2.22

4.14

35.85

36.98

32.85

35.22

1.74

2.76

21.24

21.84

19.30

20.80

1.08
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Table A-2 (d). Summary of 5BL UF Pure Water Permeability data.

Pressure
(bar)

Replicate 1
Flux
(L/m2.hr)

Replicate 2
Flux
(L/m2.hr)

Replicate 3
Flux
(L/m2.hr)

Average
Flux
(L/m2.hr)

Standard
Deviation
Flux (L/m2.hr)

8.27

61.66

56.36

60.04

59.35

2.65

6.89

48.61

44.53

48.16

47.10

2.04

5.52

38.44

35.22

38.03

37.23

1.61

4.14

26.01

23.86

25.62

25.16

1.08

2.76

16.05

14.73

15.78

15.52

0.66

Table A-2 (e). Summary of 7BL UF Pure Water Permeability data.

Pressure
(bar)

Replicate 1
Flux
(L/m2.hr)

Replicate 2
Flux
(L/m2.hr)

Replicate 3
Flux
(L/m2.hr)

Average
Flux
(L/m2.hr)

Standard
Deviation
Flux (L/m2.hr)

8.27

30.97

38.76

26.01

31.91

3.90

6.89

24.30

30.75

20.50

25.19

3.22

5.52

18.57

23.86

15.54

19.33

2.64

4.14

12.14

15.75

10.07

12.65

1.80

2.76

8.43

11.11

7.05

8.86

1.34
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Table A-2 (f). Summary of 10BL UF Pure Water Permeability data.

Pressure
(bar)

Replicate 1
Flux
(L/m2.hr)

Replicate 2
Flux
(L/m2.hr)

Replicate 3
Flux
(L/m2.hr)a

Average
Flux
(L/m2.hr)

Standard
Deviation
Flux (L/m2.hr)

8.27

16.16

15.50

60.73

15.83

0.33

6.89

12.70

12.37

48.65

12.53

0.17

5.52

10.08

9.78

38.65

9.93

0.15

4.14

6.93

6.69

30.69

6.81

0.12

2.76

4.36

4.30

17.41

4.33

0.03

aOutlier

was not considered for final calculation

Table A-3 (a). Summary of virgin UF PEG rejection data.

Mw
(Daltons)

aOutlier

% Rejection
Replicate 1

% Rejection
Replicate 2

% Rejection
Replicate 3

Average

St. Dev

1500

75%

74%

68%

72%

3%

1000

38%

61%

56%

51%

10%

600

45%

39%

45%

43%

3%

400

-289%a

8%

15%

11%

4%

was not considered for final calculation
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Table A-3 (b). Summary of 5 PEBL UF PEG rejection data.

Mw
(Daltons)

% Rejection
Replicate 1

% Rejection
Replicate 2

% Rejection
Replicate 3

Average

St. Dev

1500

88%

86%

87%

87%

1%

1000

85%

75%

89%

83%

6%

600

47%

72%

83%

68%

15%

400

1%a

30%

55%

42%

13%

aOutlier

was not considered for final calculation
Table A-4 (a). Summary of virgin UF fouling data.
Measured parameter

Rep 1

Rep 2

Rep 3

Mean

St. dev

% Flux decline in presence of Humic Acid

27%

22%

20%

23%

3%

% Flux recovery after cleaning

68%

75%

81%

74%

5%

Reversible Flux Decline

-6%

-3%

0%

-3%

3%

Irreversible Flux Decline

41%

34%

27%

34%

6%
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Table A-4 (b). Summary of 5 AgPNP-BL UF fouling data.
Measured parameter

Rep 1

Rep 2

Rep 3

Mean

St. dev

% Flux decline in presence of Humic Acid

18%

21%

16%

18%

2%

% Flux recovery after cleaning

89%

81%

88%

86%

4%

Reversible Flux Decline

7%

5%

8%

7%

1%

Irreversible Flux Decline

17%

25%

18%

20%

4%

Table A-5 (a). Summary of PFOA Rejections..

Virgin UF

5 BL
AgPNP
UF (DI
only)

5 BL
AgPNP
UF (5
mg/L HA)

5 BL
AgPNP DI
UF (10
mg/L HA)

5 BL
AgPNP
UF (10
mg/L HA
+ 1mM
Cations)1

Replicate 1

20%

44%

62%

61%

80%

64%

Replicate 2

28%

63%

51%

54%

70%

65%

Replicate 3

25%

57%

60%

66%

56%

73%

Replicate 4

26%

54%

63%

57%

80%

Replicate 5

7%

50%

53%

68%

59%

Replicate 6

18%

34%

52%

67%

60%

Mean

20.6%

50.4%

57.0%

62.3%

68.8%

66.9%

St. Dev

6.9%

9.5%

5.0%

5.4%

9.9%

7.5%

Sample
Name

1

5 BL
AgPNP
UF (10
mg/L HA
+ 2mM
Cations)

Rejection data of only 3 replicates were used in case of 5 BL AgPNP UF (10 mg/L HA + 1mM Cations)
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Table A-5 (b). Summary of PFOS Rejections.

5 BL
AgPNP DI
UF (10
mg/L HA)

5 BL
AgPNP
UF (10
mg/L HA
+ 1mM
Cations)

5 BL
AgPNP UF
(10 mg/L
HA + 2mM
Cations)

Sample
Name

Virgin
UF

5 BL AgPNP
UF (DI only)

5 BL
AgPNP
UF (5
mg/L HA)

Replicate 1

13%

50%

66%

67%

62%

82%

Replicate 2

3%

32%

69%

57%

58%

75%

Replicate 3

36%

63%

50%

56%

73%

77%

Replicate 4

35%

57%

65%

51%

66%

88%

Replicate 5

20%

59%

61%

65%

43%

63%

Replicate 6

25%

51%

61%

73%

38%

66%

Mean

21.8%

52.1%

61.9%

61.6%

56.7%

75.1%

St. Dev

11.6%

10.2%

5.9%

7.4%

12.6%

8.5%
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Table A-6 (a). Summary of HSD Analysis for PFOA Rejections.
PAIRS TESTED FOR INFLUENCE ON PFOA REJECTION

q(α=0.05)

Virgin UF

5 BL AgPNP UF (DI only)

0.000

Virgin UF

5 BL AgPNP UF (5 mg/L HA)

0.000

Virgin UF

5 BL AgPNP DI UF (10 mg/L HA)

0.000

Virgin UF

5 BL AgPNP UF (10 mg/L HA + 1mM
Cations)

0.000

Virgin UF

5 BL AgPNP UF (10 mg/L HA + 2mM
Cations)

0.000

5 BL AgPNP UF (DI only)

5 BL AgPNP UF (5 mg/L HA)

0.732

5 BL AgPNP UF (DI only)

5 BL AgPNP DI UF (10 mg/L HA)

0.153

5 BL AgPNP UF (DI only)

5 BL AgPNP UF (10 mg/L HA + 1mM
Cations)

0.037

5 BL AgPNP UF (DI only)

5 BL AgPNP UF (10 mg/L HA + 2mM
Cations)

0.018

5 BL AgPNP UF (5 mg/L HA)

5 BL AgPNP DI UF (10 mg/L HA)

0.864

5 BL AgPNP UF (5 mg/L HA)

5 BL AgPNP UF (10 mg/L HA + 1mM
Cations)

0.338

5 BL AgPNP UF (5 mg/L HA)

5 BL AgPNP UF (10 mg/L HA + 2mM
Cations)

0.313

5 BL AgPNP DI UF (10 mg/L HA)

5 BL AgPNP UF (10 mg/L HA + 1mM
Cations)

0.863

5 BL AgPNP DI UF (10 mg/L HA)

5 BL AgPNP UF (10 mg/L HA + 2mM
Cations)

0.922

5 BL AgPNP UF (10 mg/L HA + 1mM
Cations)

5 BL AgPNP UF (10 mg/L HA + 2mM
Cations)

0.999
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Table A-6 (b). Summary of HSD Analysis for PFOS Rejections.
PAIRS TESTED FOR INFLUENCE ON PFOS REJECTION

q(α=0.05)

Virgin UF

5 BL AgPNP DI only

0.000

Virgin UF

5 BL AgPNP 5 mg/L HA

0.000

Virgin UF

5 BL AgPNP DI only 10 mg/L HA

0.000

Virgin UF

5 BL AgPNP DI only 10 mg/L HA +
1mM Cations

0.000

Virgin UF

5 BL AgPNP DI only 10 mg/L HA +
2mM Cations

0.000

5 BL AgPNP DI only

5 BL AgPNP 5 mg/L HA

0.593

5 BL AgPNP DI only

5 BL AgPNP DI only 10 mg/L HA

0.630

5 BL AgPNP DI only

5 BL AgPNP DI only 10 mg/L HA +
1mM Cations

0.972

5 BL AgPNP DI only

5 BL AgPNP DI only 10 mg/L HA +
2mM Cations

0.008

5 BL AgPNP 5 mg/L HA

5 BL AgPNP DI only 10 mg/L HA

1.000

5 BL AgPNP 5 mg/L HA

5 BL AgPNP DI only 10 mg/L HA +
1mM Cations

0.954

5 BL AgPNP 5 mg/L HA

5 BL AgPNP DI only 10 mg/L HA +
2mM Cations

0.283

5 BL AgPNP DI only 10 mg/L HA

5 BL AgPNP DI only 10 mg/L HA +
1mM Cations

0.966

5 BL AgPNP DI only 10 mg/L HA

5 BL AgPNP DI only 10 mg/L HA +
2mM Cations

0.256

5 BL AgPNP DI only 10 mg/L HA +
1mM Cations

5 BL AgPNP DI only 10 mg/L HA +
2mM Cations

0.052
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